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Doctors and scientists have been aware of the “phenomenom” of liver regeneration 
since the time of the ancient Greeks, illustrated by the mythic tale of Prometheus’ 

punishment. Nevertheless, true insight into its intricate mechanisms have only become 
available in the 20th century. Since then, the pathways and mechanisms involved in 
restoring the liver to its normal function after injury have been resolutely described 

and characterized, from the hepatic stem/progenitor cell activation and expansion to 
the more systemic mechanisms involving other tissues and organs like bone-marrow 

progenitor cell mobilization.

This book describes some of the complex mechanisms involved in liver regeneration 
and provides examples of the most up-to-date strategies used to induce liver 

regeneration, both in the clinic and in the laboratory. The information presented will 
hopefully benefit not only professionals in the liver field, but also people in other areas 
of science (pharmacology, toxicology, etc) that wish to expand their knowledge of the 

fundamental biology that orchestrates liver injury and regeneration.
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Preface 
 

This book focuses on the current knowledge regarding the physiologic processes that 
are triggered after hepatic injury and ultimately lead to liver regeneration. Some of 
these mechanisms are common to other tissues/organs, but the quickness, precision 
and effectiveness of liver regeneration in completely restoring its initial physiological 
function after injury is quite remarkable and unique among all the solid organs. Thus, 
the knowledge of these specific molecular and cellular mechanisms is crucial for the 
improvement of the current therapies and ultimately, complete recovery from liver 
disease. 

Hence, the first section of the book comprises multiple chapters that detail the 
mechanisms of molecular and cellular liver regeneration. Then, the second section 
describes different animal models used in this field of research, highlighting their 
significance and contribution to the study of liver regeneration. Finally, the last section 
presents a chapter on the gold standard for end-stage liver disease, liver 
transplantation, followed by numerous approaches and strategies for liver 
regeneration that rely on different cell therapies. The last chapter of this book 
describes some of the new approaches being developed that rely on tissue and organ 
bioengineering. 

It is then my hope as the book editor that this book will be able to help as many 
professionals and curious minds as possible, working in or out of the liver field, and 
that it can shed some light in the intricate mechanisms of organ regeneration. 

 
Pedro M. Baptista, Pharm.D., Ph.D. 

Researcher, 
Wake Forest Institute for Regenerative Medicine,  

USA 
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Hepatocytes and Progenitor –  
Stem Cells in Regeneration and Therapy 

Laura Amicone, Franca Citarella, Marco Tripodi and Carla Cicchini 
Dept. Cellular Biotechnology and Hematology, 

“Sapienza” University of Rome,  
Italy 

1. Introduction  
The liver is a highly specialized detoxifying organ involved in: i) glucose homeostasis; ii) 
lipid homeostasis and ketone bodies production; iii) metabolism of amino acids. Most of the 
liver functions are carried out by the hepatocytes (about 70-75% of hepatic cells) that, 
together with cholangiocytes (10-5 % of hepatic cells), are of endodermal derivation and 
constitute the hepatic parenchyma.  

The liver has a peculiar and fascinating ability: it is able to regenerate itself after loss of 
parenchyma for surgical resection or injuries caused by drugs, toxins or acute viral diseases. 
The ancient myth of Prometheus highlighted this capability: the Titan Prometheus was 
bound for ever to a rock as punishment by Zeus for his theft of the fire; each day a great 
eagle ate his liver and each night the liver was regenerated, only to be eaten again the next 
day.  

The liver compensatory regeneration is a rapid and tightly orchestrated phenomenon 
efficiently ensuring the reacquisition of the original tissue mass and its functionality. 
Primarily, it involves the re-entry into cell cycle of parenchymal hepatocytes which are able 
to completely recover the original liver mass (Fausto, 2000). The liver anatomical and 
functional units reconstitution also requires non-parenchymal cells (endothelial cells, 
cholangiocytes, Kupffer cells, stellate cells). It is yet not clear if each cell histotype is 
involved in the proliferative process or if the regeneration requires the activity of a cell with 
multiple differentiation potential. Recently, the bipotentiality of the hepatocytes, able to 
divide giving rise to both hepatocytes and cholangiocytes, has been suggested. Furthermore, 
when injury is severe or the hepatocytes can no longer proliferate a progenitor cell 
population, normally a quiescent compartment is activated. A population of small portal 
cells named oval cells was first identified in 1978 by Shinozuka and colleagues (Shinozuka et 
al., 1978). Now as “oval cells” is indicated a heterogeneous population of bipotent transient 
amplifying cells, originating from the Canal of Hering (Dabeva & Shafritz, 1993). These cells 
are normally quiescent but, after injury, rapidly and extensively proliferate and differentiate 
in hepatocytes and cholangiocytes (Yovchev et al., 2008). 

The observation that oval cells are a mixed precursor population suggests their 
differentiation from liver stem cells (Theise et al., 1999). Since the hepatocytes are able to 
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regenerate themself to compensate liver mass loss, the existence of a liver stem cell, able to 
drive regeneration in conditions of extreme toxicity affecting the same hepatocytes, has long 
been debated. Today, there is growing evidence that the liver stem cell exists and its 
isolation from the organ, its numerical expansion in vitro and its characterization are joint 
efforts in many laboratories around the world. The interest of the scientific community in 
the identification, isolation and manipulation of the hepatic stem cell also depends on the 
fact that the great hopes placed in the use of mature hepatocytes in cell transplantation 
protocols for the treatment of liver diseases have been disappointed. The basis of these 
unsatisfactory therapeutic approaches lie in the paradox, not yet resolved, of the inability of 
hepatocytes, which show in vivo a virtually unlimited proliferative potential, to grow in vitro 
to quantitatively and qualitatively amount suitable for cell transplantation in adults.  

2. Hepatocyte and regeneration 
Regeneration of the original liver mass after damage has been extensively studied in rodents 
after two-thirds partial hepatectomy (PH) (Bucher, 1963). Regeneration of the liver depends 
on both hyperplasia and hypertrophy of the hepatocytes, cells that in a normal adult liver 
exhibit a quiescent phenotype. Hypertrophy begins within hours after PH then hyperplasia 
follows (Taub, 2004). This occurs first in the periportal region of the liver lobule then 
spreads toward the pericentral region (Fausto & Campbell 2003).  

The restoration of liver volume depends on three steps involving the hepatocytes: i) 
initiation, ii) proliferation and iii) termination phases.  

The initiation step depends on the “priming” of parenchymal cells, mainly via the signaling 
pathways triggered by the cytokines IL-6 and TNF-α secreted by Kupffer cells, rendering 
the hepatocytes sensitive to growth factors and competent to replication.  

After the G0/G1 transition in the initiation phase, the hepatocytes will enter into the cell 
cycle (Taub, 2004). Growth factors, primarily HGF, epidermal growth factor (EGF) and TGF-
α, are responsible of this second step of regeneration in which the hepatocytes both 
proliferate and grow in cell size, activating the IL-6/STAT-3 and the PI3K/PDK1/Akt 
pathways respectively. The first signaling cascade regulates the cyclin D1/p21 and also 
protects against cell death, for example by up-regulating FLIP, Bcl2 and Bcl-xL. The latter 
pathway regulates cell size via mammalian target of rapamycin (mTOR) (Fausto, 2000; 
Serandour et al., 2005; Pahlavan et al., 2006; Fujiyoshi & Ozaki 2011). Numerous growth 
factors (for example HGF, TGF-α, EGF, glucagon, insulin and cytokines like TNF, IL-1 and -
6 and somatostatin (SOM)) are implicated in the regeneration process. 

The HGF is a potent growth factor mainly acting on hepatocytes in a paracrine manner 
binding to its specific trans-membrane receptor tyrosine kinase c-met. HGF is secreted as an 
inactive precursor and stored in the extracellular matrix (ECM), then activated by the 
fibrinolytic system (Kim et al., 1997). Plasmin and metalloproteinases (MMPs) degrade the 
ECM and release pro-HGF that, in turn, is cleaved into an activated form by the urokinase-
type plasminogen activator (u-PA)(Kim et al., 1997). The HGF/met signaling is transduced 
to its downstream mediators, i.e. the Ras-Raf-MEK, ERK1/2 (Borowiak et al., 2004), 
PI3K/PDK1/Akt (Okano et al., 2003) and mTOR/S6 kinase pathways, resulting in cell cycle 
progression.  
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TGF- α is another growth factor relevant in liver regeneration (Tomiya et al., 2000). It 
belongs to the EGF family, of which all members (EGF, heparin binding EGF-like factor and 
amphiregulin) transduce trough the common receptor EGF receptor (EGFR) and exert 
overlapping functions (Fausto 2004). This factor acts in autocrine and paracrine fashions and 
its production and secretion are induced by HGF. 

IL-6 induces mitotic signals in hepatocytes through the activation of STAT-3 (Cressman et 
al., 1996). The IL-6/STAT-3 signaling involves several proteins: the IL-6 receptor, gp130, 
receptor-associated Janus kinase (Jak) and STAT-3. The IL-6 receptor is in a complex with 
gp130, which, after recognition by IL-6, transmits the signal. Jak is responsible of gp130 and 
STAT-3 activation after IL-6 binding. The STAT-3 form released by gp130 dimerizes and 
translocates to the nucleus to activate the transcription. STAT3 controls cell cycle 
progression from G1 to S phase regulating the expression of cyclin D1. In fact, in the liver-
specific STAT3-KO model mice, mitotic activity of hepatocytes after PH is reduced 
significantly (Li et al., 2002).  

The PIK/PDK1/Akt signaling pathways are activated by receptor tyrosine kinases or 
receptors coupled with G proteins by IL-6, TNF-α, HGF, EGF, TGF-α and others (Desmots et 
al., 2002) (Koniaris et al., 2003). An important downstream molecule of Akt for cell growth is 
mTOR (Fingar et al., 2002). The activation of this pathway coexists with STAT-3 signaling. In 
STAT-3-KO mice no significant differences were observed macroscopically in liver 
regeneration in comparison to control animals, reaching the liver of these mice after PH an 
equal size. This observation may be explained considering the increase in size of the 
hepatocytes.  Increase in cell size corresponds to marked phosphorylation of Akt and its 
downstream molecules p70 S6K, mTOR and GSK3beta (Haga et al., 2005).  

The third phase in liver regeneration is the termination step. A stop signal is necessary to 
avoid an inappropriate liver functional size but the molecular pathways involved in this 
phenomenon are not yet clear. A key role is exerted by the cytokine TGF-β, secreted by 
hepatocytes and platelets, that inhibits DNA synthesis (Nishikawa et al., 1998). In fact, 
within 2-6 hours after PH, the insulin growth factor (IGF) binding protein-1 (IGFBP-1) is 
produced to counteract its inhibitor effects (Ujike et al., 2000). 

3. Liver progenitor cells and regeneration 
When liver parenchyma damage is particularly serious and hepatocytes are no longer able 
to proliferate, liver regeneration can occur through the intervention of bipotent progenitor 
cells that can proliferate and differentiate into hepatocytes and bile duct cells. It was 1950 
when Wilson and Leduc, studying the regeneration of rat liver after severe nutritional 
damage, observed for the first time these particular cells, located within or immediately 
adjacent to the Canal of Hering, and their differentiation into two histological types of liver 
epithelial cells (Wilson & Leduc, 1950). In 1956 Faber called these cells, which are found in 
the liver of mice treated with carcinogens (Farber 1956), "oval cells" for their morphology. 

The first characterization of oval cells has shown the simultaneous expression of bile ducts 
(CK-7, CK-19 and OV-6) and hepatocytes (alpha-fetoprotein and albumin) markers (Lazaro 
et al., 1998). Subsequent studies have shown the activation, during oval cell compartment 
proliferation, of stem cell genes such as c-kit (Fujio et al., 1994), CD34 (Omori et al., 1997) 
and LIF (Omori et al., 1996) . 
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Stable lines of oval cells, useful for in vitro and in vivo studies of differentiation and of liver 
colonization, were obtained from normal rat liver F-334 (Hixson et al., 1990), or from rats fed 
with DL-ethionine (Sells et al., 1981) or treated with allyl alcohol (Yin et al., 1999). In 
addition, these precursors were stabilized starting from liver explants of animal models of 
Wilson disease (Yasui et al., 1997) of transgenic mice expressing Ras (Braun, et al., 1987) of 
p53 knockout mice fed with choline-free diet and finally of human liver (Dumble et al., 
2002). 

The oval cell is currently the best characterized liver progenitor cell although several studies 
have demonstrated the presence of precursors/stem cells either residing in the liver or 
coming from blood. 

Regardless of the species in which were observed and the name that was given to them, the 
progenitor cells of the liver have common characteristics: 

• they are very few and hardly recognizable in the healthy liver, but clearly evident as a 
result of chronic liver injury near the terminal trait of  biliary duct; 

• they express cholangiocyte and hepatocyte markers; 
• they are basophilic, with a high ratio of nucleus/cytoplasm  and are smaller than 

mature hepatocytes (10 μM in diameter compared to 50 of hepatocytes); 
• they are immature and have a great proliferative capacity.  

Further than oval cells, other bipotential precursor cells able to differentiate and colonize 
diseased liver in animal models have been isolated from rodent and human livers, allowing 
the study of molecular mechanisms triggering their differentiation. The identification and 
characterization of an immortalized bipotent precursor cell was firstly described by 
Spagnoli and coworkers (Spagnoli et al., 1998) in MMH cell lines. MMHs (Met Murine 
Hepatocyte) are immortalized cell lines derived from explants of embryonic, fetal and new-
born livers derived from transgenic mice expressing a constitutively active truncated human 
Met receptor (cyto-Met) (Amicone et al., 1997). All of the MMH lines are not tumorigenic 
and show a differentiated phenotype judging from the retention of epithelial cell polarity 
and the expression of liver enriched transcriptional factors (LETF). In addition, many of 
them express hepatic functions. MMHs have been found to contain a cell subpopulation 
constituted by fibroblastoid cells, called "palmate cells" for their morphology, showing 
characteristics of a bipotent progenitor. The palmate cells are not polarized, do not express 
liver specific transcription factors or liver products, but retain the ability to divide and 
differentiate into hepatocytes and bile duct cells. Unequivocal demonstration that palmate 
cells can give rise to epithelial-hepatocytes is provided by cloning of individually fished 
cells and characterization of their progeny. Moreover, as true stem cells, palmate cells are 
diploid whereas their epithelial progeny is hypotetraploid. All of these findings 
demonstrate that palmate cells are the precursors of hepatocytes in MMH cell lines. These 
bipotential liver cells are also able to in vivo differentiate into hepatocytes and colonize 
diseased livers in mice (Spagnoli et al., 1998). Using the same methods of isolation and 
selection, Strick-Marchand and Weiss subsequently isolated, from mouse embryos wild-
type, bipotent cells able to regenerate livers of mice uPA/SCID mice (Strick-Marchand & 
Weiss 2002). Bipotent progenitors were isolated and stabilized also from pig liver (Strick-
Marchand et al., 2004), monkey (Talbot et al., 1994) and human fetal liver (Allain et al., 
2002).  
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The identification of precursor cells has increasingly strengthened the idea that in the liver 
there are also real stem cells with a wide differentiation potential (capable of explaining 
many processes not yet fully understood such as liver development and regeneration) and 
which may give rise, by asymmetric division, to the same bipotent precursor cells.  

The immunophenotypic characterization of the heterogeneous oval cell population, in 
which there are cells expressing hematopoietic stem cells (HSC) (eg, c-kit, CD34 and Thy-1) 
markers, had initially led to believe that oval cells could originate from the recruitment and 
differentiation of circulating HSC. In fact, many studies have demonstrated the ability of 
HSCs to differentiate into hepatocytes in vitro and their mobilization from the marrow and 
recruitment in the liver during regeneration. Two independent works (Wang et al., 2003; 
Vassilopoulos et al., 2003) however, have shown that stem cells derived from murine bone 
marrow and transplanted in FAH-/- mice, were involved in the regeneration of the 
damaged liver tissue through a process of cell fusion with endogenous hepatocytes rather 
than through a trans-differentiation process. The new hepatocytes in fact had both host and 
donor genetic markers. The events of trans-differentiation of HSC precursors into oval cells 
or hepatocytes documented to date are in fact extremely rare (Menthena et al., 2004; 
Grompe, 2003; Fausto, 2004; Thorgeirsson & Grisham, 2006). Mesenchymal-like cell 
population, depicting high level of proliferation and possessing a broad differentiation 
potential, has been isolated from adult human liver (Herrera et al., 2006; Najimi et al., 2007). 

The efforts of different research groups is still directed towards the identification and 
isolation of a cell "resident" in the liver with stem cell characteristics, namely the ability to 
regenerate itself (self-renewal) and, more importantly, to divide asymmetrically, generating 
a cell identical to itself and a bipotent progenitor. 

Reid and colleagues focused on human hepatic stem cells and highlighted as liver is 
comprised of different maturational lineages of cells both intrahepatically in periportal zone 
by the portal triads and  extrahepatically in the hepato-pancreatic common duct (Turner et 
al., 2011 ). More in dectail, the intrahepatic stem cell niches have been located  in  the canals 
of Hering  ( for  pediatric and adult livers)  and in the  ductal plates  ( for fetal and neonatal 
livers) (Schmelzer et al., 2007; Turner et al., 2011; Zhou et al., 2007). The  extrahepatic niche 
was recently unveiled by the Reid’s research group that demonstrated the presence of 
multipotent stem/progenitors in human peribiliary glands, deep within the duct walls, of 
the extrahepatic biliary trees (Cardinale et al., 2011 and 2012). These cells, which self-
replicate, are positive for transcriptional factors typical of endoderm and surface markers 
typical of stem/progenitors and may express genes of liver, bile duct and pancreatic 
genes.  

Conigliaro and colleagues recently reported the identification, the isolation from fetal and 
neonatal murine livers, the characterization and the reproducible establishment in line of a 
non-tumorigenic “liver resident stem cell” (RLSC), that proved to be a useful tool to study 
liver stem cell biology (Conigliaro et al., 2008). The immunophenotype of this cell (CD34- 
and CD45-) indicates a not hematopoietic origin and the transcriptional profile highlights 
the expression of a broad spectrum of ‘plasticity-related genes’ and ‘developmental genes’, 
indicating a multi-differentiation potential. Indeed, RLSCs not only differentiate 
spontaneously into hepatocytes and cholangiocytes (suggesting their partial endodermal 
determination), but can be induced in vitro to differentiate into osteocytes, chondrocytes and 
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cells of neuroectodermal derivation (astrocytes, neurons). The ability of RLSCs to 
differentiate spontaneously in hepatocytes, the lack of albumin and the wide differentiation 
potential place these liver stem cells at the pre-hepatoblast/liver precursor hierarchical 
position. Notably, RLSCs are also a model to in vitro study liver zonation. This term 
indicates the typical distribution into hepatic lobule of several functions. Most of the main 
metabolisms of the liver, in fact, are not uniformly distributed over the hepatic lobule but 
follow gradients of enzymatic activities along the centrolobular/portal axis. Coherently, 
adult hepatocytes undergo into a post-differentiation patterning resulting into a zonal 
heterogeneity of gene expression and functions defined “metabolic zonation”. Specific 
enzymatic/metabolic activities, i.e. carbohydrate metabolism, ammonia detoxification, bile 
formation/transport/secretion and drug biotransformation, are confined to the perivenular 
(PV, i.e. near the centrolobular vein) or periportal (PP, i.e. near the portal vein) zones of the 
hepatic lobule (Gebhardt, 1992). The elucidation of the mechanisms responsible for 
induction and maintenance of the hepatocyte heterogeneity remains one of challenge in 
experimental hepatology. Intriguingly, inversion of the blood flow direction changes the 
enzymatic gradients and, consequently, the zonation of some, but not all, the liver 
metabolisms, thus revealing the influence exerted by the oxygen and circulating molecules 
on this phenomenon (Kinugasa  & Thurman, 1986). For the bloodstream independent 
gradients, cell-cell and cell-extracellular matrix interactions and paracrine signaling have 
been suggested as instructive stimuli (Gebhardt & Reichen, 1994).  Recently, concerning 
soluble factors, a key role of the Wnt/β-catenin pathway has been unveiled. Within the 
hepatic lobuli, Wnt signaling has been proposed to originate from endothelial cells of the 
central vein and follows a stable gradient that decrease toward the PV–PP axis.  In the liver, 
Benhamouche and collaborators observed a mutually exclusive localization of activated β-
catenin and its negative regulator APC in the PV and in PP hepatocytes, respectively. 
Moreover, these authors demonstrated that genetic manipulation of APC expression and 
adenoviral delivery of the extracellular antagonist of Wnts DKK allowed to switch the 
phenotype from PP into PV and vice versa (Benhamouche et al., 2006). 

A second key element in controlling hepatic zonation was identified in the transcriptional 
factor HNF4α: Stanulovic and colleagues have recently shown that this orphan nuclear 
receptor regulates the zonal expression of some genes, including Cyp7, UDP-
glucuronyltransferase and apolipoprotein E (Stanulovic et al., 2007). Their analysis of 
HNF4α knock-out mice revealed in PV hepatocytes a maintenance of PV genes expression 
and in PP hepatocytes the inhibition of a PP gene (PEPCK) coupled to the activation of PV 
genes. These observations led to the conclusion that HNF4α exerts a dual role of activator of 
PP genes and inhibitor of PV genes in PP hepatocytes. In frame with these observations 
Colletti and colleagues showed as RLSCs spontaneously differentiate into periportal 
hepatocytes that, following Wnt pathway activation, switch into perivenular hepatocytes. 
Moreover, they gathered evidences showing a direct convergence of the canonical Wnt 
signaling pathway and HNF4α in controlling the hepatocyte heterogeneity. HNF4α and Wnt 
signaling pathway have been proposed as active members of the same machinery that controls 
the transcription of differentially zonated HNF4–dependent genes (Colletti et al., 2009). 

In conclusion we can say that there are no more doubts about the existence of liver stem 
cells residing in the liver although there is still much to do especially with regard to the 
identification and characterization of specific microenvironments able to define the 
corresponding tissue stem- niche. 
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4. Molecular mechanisms controlling liver stem cell fate  
A stem cell “niche” is believed to maintain the liver progenitor cells in a native state and 
allows their activation when required. It is conceived as a restricted area in an adult organ 
that regulates, by means of micro-environmental signaling, stem cell maintenance and 
differentiation.  Stem cell behavior, in particular the balance between self-renewal and 
differentiation, is ultimately controlled by the integration of autocrine and paracrine factors 
supplied by the surrounding microenvironment. Stem cells respond to these instructive 
signals from the niche by changing their expression profile in a reversible manner. In 
particular, instructive signals received from the niche influence the so-called stem cell 
“metastable” phenotype.  The metastability, currently considered a common characteristic 
of embryonic and adult stem cells and a manifestation of cell plasticity (McConnell 
&Kaznowski, 1991; Hay, 1995; Thomson et al., 1998; Blau et al., 2001; Burdon et al., 2002; 
Reddy et al., 2002; Prindull & Zipori, 2004), consists essentially in the cell capability to 
change the expression profile in a reversible manner and it is characterized by the co-
expression of  both epithelial and mesenchymal traits. This highly dynamic cell state may be 
considered as a balance between epithelial-mesenchymal and mesenchymal-epithelial 
transitions (EMT/MET). Both the EMT and the reverse process MET are typical events of 
development, tissue repair and tumor progression. The EMT is the process by which 
polarized cells, closely attached to each other, gradually lose epithelial features and acquire 
mesenchymal characteristics, including invasiveness and motility (Thiery et al., 2009). MET 
refers to the reverse phenomenon often occurring in a secondary site, by which the epithelia-
derived mesenchymal cells reacquire their epithelial phenotype. 

The observation that a number of stem cells are restricted to a specific differentiation fate 
suggests that elements pivotal for their metastability and for the coordinated execution of 
opposite processes, such as self-renewal and differentiation, may be tissue specific. A simple 
and direct molecular mini-circuitry of master elements of mutually exclusive biological 
processes, able also to reciprocally influence their own expression, may provide the best 
device to trigger such complex phenomena.  

The availability of a stable stem cell line executing specific differentiation programs 
discloses a unique possibility to investigate mechanisms regulating alternative cellular 
choices. 

Recently, RLSCs and hepatocytes derived from their differentiation (RLSCdH) permitted to 
identify a simple cross-regulatory circuitry between HNF4α (master regulator of hepatocyte 
differentiation and MET inducer) and Snail (master regulator of the EMT), whose expression 
is mutually exclusive due to their direct reciprocal transcriptional repression (Cicchini et al., 
2006; Santangelo et al., 2011). In particular, Cicchini and co-workers showed that Snail 
represses the HNF4α transcription through the direct binding to its promoter (Cicchini et al., 
2006) and that  Snail over-expression is sufficient i) to induce EMT in hepatocytes with 
change of morphology, down-regulation of several epithelial adhesion molecules, reduction 
of proliferation and induction of matrix metalloproteinase 2 expression and, ii) most 
relevantly, to directly repress the transcription of the HNF4α gene. These findings 
demonstrated that Snail is at the crossroads of the regulation of EMT in hepatocytes by a 
dual control of epithelial morphogenesis and differentiation. More recently, Santangelo and 
colleagues collected evidence that HNF4α  has a direct master role in the MET process of the 
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hepatocyte and that its differentiation role is intrinsically linked to an active repression of 
mesenchymal program expression (Santangelo et al., 2011). Their data highlight as both, key 
EMT regulators (Snail and Slug) and mesenchymal genes, have to be included among the 
target genes relevant for HNF4α1 master function in controlling epithelial phenotype. Their 
main finding was to ascribe to HNF4α1 a general “anti-EMT” role through the orchestrated 
repression of both master EMT regulators and mesenchymal markers. HNF4α-mediated 
repression of mesenchymal gene program, moreover, is executed not only in the dynamic 
EMT/MET processes but also in the stable maintenance of the hepatocyte epithelial 
phenotype.  In fact, they found that: in dedifferentiated hepatomas HNF4α1 ectopic 
expression was sufficient to down-regulate Snail, Slug, HMGA2, Vimentin and Fibronectin 
genes.  In addition, in differentiated hepatocytes, HNF4α1 was found stably recruited to the 
promoters of EMT inducers and its knockdown caused the upregulation of these genes.   

Consistent with these observations Garibaldi and colleagues (Garibaldi et al., 2011)Garibaldi 
et al., in press demonstrated that the same molecular players in an epistatic mini-circuitry 
are pivotal for the RLSC maintenance. In particular they observed that hepatic stem cells 
constitutively express Snail and that their spontaneous differentiation into hepatocytes is 
underlined by negative regulation of Snail expression.  Snail silencing causes down-
regulation of stemness markers and its ectopic expression in hepatocytes is sufficient to 
restore their expression. In RLSC Snail stably represses HNF4 and miR-200a-b-c and miR-
34a, known as stemness inhibiting microRNAs and distinctive of epithelial cells. This latter 
activity is probably due to a direct mechanism as suggested by the binding of endogenous 
Snail to miR-200c and 34a promoters in RLSC. In terms of conceptual advances, these data 
allow to extend the role of Snail from EMT inducer to stemness stabilizer. 

In the light of the previously demonstrated reciprocal repression between Snail and HNF4α 
these observations have been extended: Garibaldi and colleagues described that HNF4α is 
required for miR-200a-b-c, and miR-34a expression in hepatocytes and that HNF4α silencing 
in hepatocytes and its targeting in KO mouse models correlates with a strong down-
regulation of their expression. This is probably due to a direct mechanism as suggested by 
the fact that endogenous HNF4α was found recruited on miR-200a-b, miR-200c and miR-34a 
promoters in both differentiated hepatocytes and mouse liver. Notably, in HNF4 KO mouse 
models miRs down-regulation correlates to a strong up-regulation of the stemness markers 
SCA1 and FOXA1. Thus HNF4α, first identified as a positive regulator of hepatocyte 
differentiation and recently located at the crossroad of other cellular functional categories 
(i.e. cell cycle, apoptosis, stress response) appears to participate also in the active repression 
of stemness.  

The proposed mechanism implies that the execution of a stemness program requires the 
active repression of a differentiation program while the maintenance of the hepatocyte one 
requires the active repression of stemness traits. These observations, focusing on epithelial 
differentiation, are centered on a HNF4α/Snail/epithelial-miRs circuitry, however may be 
conceivable that other differentiation pathways could be regulated by similar mechanisms. 
In this light Snail can probably be considered as a general factor counteracting (and 
counteracted by) tissue-specific regulators. This is further suggested by studies indicating 
that Snail family members repress the expression of tissue-specific inducers as the pro-
neural genes sim and rho (Xu et al., 2010) and the skeletal muscle master regulator MyoD 
(Kosman et al., 1991). 
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5. Hepatocyte transplantation in cell-based therapeutic 
Animal models in which transplanted cells show a selective advantage over resident 
hepatocytes have been used to study transplantation, proliferation and reconstitution 
potential of the hepatocytes. Liver animal models belong to three groups (Palmes & Spiegel 
2004): i) hepatotoxin-induced models; ii) surgical models; iii) animal models of hereditary 
liver defects.   

Normal adult hepatocytes can be serially transplanted and single hepatocyte can be clonally 
amplified, showing stem-like properties, and serially passaged to repopulate almost 70% of 
the liver of (Fah)-deficient mice (Overturf et al., 1999). Excellent results have been obtained 
by using transgenic Rag2-/-/Il2rg-/- mice (deficient for the recombinant activation gene-2 and 
the common γ-chain of the interleukin receptor) (Traggiai et al., 2004) or the Alb-uPA(tg(+/-) 
mice (expressing the uroplasminogen activator (uPA) under the transcriptional control of 
the albumin promoter) (Sandgren et al., 1991)) or mice obtained by the crossing of the above 
reported genotypes (Haridass et al., 2009; Azuma et al., 2007). 

Hepatocyte transplantation protocols in humans have been proposed as an alternative to 
orthotropic liver transplantation in patients and used for some metabolic disorders i.e. 
familial hypercholesterolemia, glycogen storage disease type 1a, urea cycle defects and 
congenital deficiency of coagulation factors (Quaglia et al., 2008). Currently, the liver 
transplantation is the treatment of choice for acute and chronic end-stage liver failure and 
for diseases refractory to other treatments; but the limited availability of donor organs is the 
major limiting factor in this therapeutic procedure. Although different techniques of 
implants using either complete liver, liver reduced or hyper-reduced "split liver" (liver for 
two) have tried to overcome the shortage of organs, liver transplantation remain an 
unsufficient approach to satisfy the needs of patients with liver disease. 

In recent years, hepatocyte transplantation has emerged as a potential alternative or 
complementary procedure to liver transplantation, at least in certain circumstances. The 
application of this therapeutic modality is based on the concept that cell transplantation 
would replace the function of the affected organ, either temporarily, allowing the recovery 
of the organ functionality or the availability of a liver for the transplant, or permanently, 
preventing need for this last procedure. 

The development of this therapeutic approach could provide a new opportunity for patients 
with liver disease, particularly for children suffering from some metabolic diseases, with 
certain advantages over liver transplantation. In fact it is a less invasive and risky procedure 
and it has a lower cost. There is also a greater availability of material to be transplanted and 
that could be used as a source of cells (organs considered "marginal", material resulting 
from organ reductions, from partial hepatectomy and cadaveric livers unsuitable for 
transplantation) and the possibility of using a donor to several recipients.  

Despite these advantages, a number of critical issues are still unresolved: the rejection of 
transplanted hepatocytes, their correct localization and functionality and, mostly, cells 
availability at the right time. The latter remains a problem that would be definitively solved 
with the cultivation and the preservation of large scale culture of hepatocytes. Nevertheless, 
these cells in culture, contrary to what happens in vivo during liver regeneration, have a 
very low proliferative potential and quickly lose their differentiated characteristics. 
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This implies that cell therapy can be carried out only with freshly isolated cells, not 
expanded in vitro. The number of cells that can be achieved with this approach is usually not 
sufficient to colonize adult livers, while there is more chance of success in pediatric patients 
with metabolic diseases of genetic origin since they can be treated with a limited number of 
hepatocytes. 

6. Conclusion 
Liver stem cells may represent an important tool for the treatment of the liver diseases. They 
could be an alternative source of functional hepatocytes aimed at cell transplantation, tissue 
engineering and bio-artificial liver. Manipulation of stem cells will be more efficient since 
we know the factors controlling their biology. Only by dissecting the molecular events 
underlying the stemness, the differentiation choice and the maintenance of the differentiated 
phenotype can we control stem cell behavior for therapeutic purposes. The translation of in 
vitro studies in in vivo experimental models and, finally, in humans is one of the major 
challenges of experimental hepatology. Moreover, better understanding the mechanisms 
that control the proliferation of stem and progenitor cells will shed new light on the 
molecular and cellular basis of liver cancer. 
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1. Introduction 
There is great interest in the biology of liver progenitor cells (LPCs) because of their stem 
cell-like ability to regenerate the liver when the hepatocyte pool is exhausted. Barely 
detectable in healthy tissue, they emerge upon chronic insult in periportal regions, 
proliferate and migrate to injury sites in the parenchyma and eventually differentiate into 
hepatocytes and cholangiocytes to restore liver mass, morphology and function. The 
increasing worldwide shortage of livers for orthotopic transplantation means LPCs have 
assumed more prominence as candidates for cell therapy as an alternative therapeutic 
approach for the treatment of various liver diseases. However, an LPC response is usually 
seen in pre-cancerous liver pathologies and their high proliferation potential makes them 
possible transformation targets; associations that overshadow their restorative capability. 
This mandates that we continue to investigate the factors that govern their activation, 
proliferation and especially their differentiation into mature, functional cells to effectively 
direct transplanted cells towards regeneration and not tumorigenicity. 

2. Normal liver tissue turnover 
Tissue regeneration and maintenance in healthy intestine and skin is achieved within days 
and weeks respectively. In contrast healthy liver has a very slow cell turnover rate and the 
vast majority of hepatocytes is considered to be in the quiescent, non-proliferative G0 phase 
of the cell cycle. It has been estimated that at any one time only 1 in 20,000 to 40,000 
hepatocytes is undergoing mitotic cell division with an average life span of 200 to 300 days 
(Bucher & Malt, 1971). 

The mechanisms by which hepatic cells are replaced in healthy liver are controversial. An 
early model, the “streaming liver” hypothesis is based on the metabolic zonation and 
differential gene expression patterns of periportal compared to pericentral hepatocytes. 
Periportal cells were proposed to proliferate and migrate (“stream”) towards the central 
area with maturation during the journey and terminal differentiation achieved when the 
cells reached the central zone (Zajicek et al., 1985; Arber et al., 1988; Sigal et al., 1992). 
However there is no convincing evidence for a periportal to pericentral differentiation 
gradient and while hepatocytes in opposing lobular areas are responsible for different 
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metabolic functions, cells in either location are considered to be fully differentiated. By 
reversing the blood flow in the liver, Thurman and Kauffman demonstrated that this lobular 
zonation is not dependent on hepatocyte lineage progression but rather due to metabolite-
induced gene regulation (Thurman & Kauffman, 1985). Retroviral marking studies provided 
additional evidence against the “streaming liver” model since transplanted cells, traceable 
by β-galactosidase expression, remained in the original location for 15 months (Bralet et al., 
1994). Furthermore, experiments performed with mosaic livers of chimeric rats (Ng & 
Iannaccone, 1992) as well as approaches using transgenic hAAT/β-gal mice (Kennedy et al., 
1995) demonstrated that hepatocytes proliferate clonally during normal tissue renewal 
throughout the whole liver lobule. Collectively, these findings led to the conclusion that 
normal liver cell plates lack the existence of a main proliferative compartment and instead 
randomly distributed hepatocytes mediate normal liver turnover by slow clonal expansion 
without involvement of a liver stem cell (Ponder, 1996). 

3. Liver regeneration 
The liver has an enormous capacity to regenerate by (1) replication of remaining, healthy 
hepatocytes, (2) activation, expansion and differentiation of a stem cell compartment, or (3) 
by a combination of these processes. Which pathway is employed depends on the nature of 
the injury, its severity and duration. This is discussed in greater detail in the sections to 
follow. 

3.1 Hepatocyte-mediated regeneration 

The hepatic regenerative capacity is most clearly seen after surgical removal of liver mass. 
This model, referred to as partial hepatectomy (PHx), was introduced by Higgins and 
Anderson (Higgins & Anderson, 1931) and it is unquestionably the best studied liver 
regeneration model due to its simplicity of design and reproducibility. In the rat two-thirds 
PHx is performed, whereas in the mouse usually only the left lobe is removed due to 
technical difficulties in the performance of two-thirds PHx surgery in mice, with resultant 
high mortality (Fausto et al., 2006). The removed lobes do not re-grow. Instead there is 
compensatory, hyperplastic growth of all residual cellular populations until the size of the 
organ achieves proportionality to the body size, as determined by metabolic demands of the 
organism (Kawasaki et al., 1992; Starzl et al., 1993). The different liver cell types do not 
divide simultaneously but show different kinetics in DNA synthesis. Periportal hepatocytes, 
with a presumably shorter G1 phase than pericentral cells (Rabes, 1976), are the first to 
undergo a wave of mitosis but DNA synthesis progresses to eventually involve the whole 
lobule with the exception of a few glutamine synthetase-positive, pericentral cells 
(Gebhardt, 1988). The proliferating hepatocytes are thought to provide mitogenic stimuli for 
the other hepatic cell populations. Biliary ductular cells, Kupffer and hepatic stellate cells 
(HSCs) and finally sinusoidal endothelial cells enter DNA synthesis about 24 hours later 
(Michalopoulos & DeFrances, 1997) with synchronised proliferation of each cell type for at 
least the first wave of replication. The greatest increase in liver mass can be seen by 72 hours 
with complete mass restoration after about one week (Grisham, 1962). 

Although it was known from early experiments that repeated PHx does not exhaust 
hepatocyte growth (Simpson & Finck, 1963), the enormous proliferative capacity of adult 
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hepatocytes has previously been underestimated. Rhim et al. showed that newborn uPA 
overexpressing mice with continuous hepatocytic necrosis could be rescued by 
transplantation of a small number of hepatocytes that required between 10 to 15 rounds of 
replication to generate sufficient liver mass (Rhim et al., 1994; Rhim et al., 1995). In addition, 
serial transplantation experiments performed in tyrosinemic mice caused by a deficiency for 
fumarylacetoacetate hydrolase (FAH) revealed that hepatocytes are capable of undergoing 
more than 70 cell doublings without loss of functionality (Overturf et al., 1997). Conversely 
there is also recent evidence that hepatocytes might reach a state of “replicative senescence” 
under certain chronic conditions such as advanced cirrhosis, perhaps due to telomere 
shortening (Paradis et al., 2001; Wiemann et al., 2002). 

3.2 Liver progenitor cell-mediated regeneration 

Repeated replication of healthy hepatocytes is the most efficient way to restore liver mass 
and function during normal tissue renewal and repair. If this process is inhibited or blocked 
during chronic chemical or carcinogenic hepatocyte insult, the liver relies on stem cell-like 
LPCs for its restoration. These cells are also referred to as “oval cells” in rodents (Fausto & 
Campbell, 2003) and the “Ductular Reaction” in humans due to their rather ductular 
phenotype in most human chronic liver diseases (Roskams & Desmet, 1998; Theise et al., 
1999). 

3.2.1 History, origin and features of liver progenitor cells 

The appearance of oval-like cells in the livers of rats treated with the azo dye “Butter 
Yellow” was originally reported in 1937 (Kinosita, 1937). Two decades later, Farber 
introduced the term “oval cell” for this population after observing small ovoid cells with a 
scant basophilic cytoplasm and a high nuclear to cytoplasmic ratio following treatment of 
rats with carcinogenic agents (Farber, 1956a, 1956b). Shortly after, Wilson and Leduc 
documented the proliferation of ductular cells that gave rise to hepatocytes and possibly 
new interlobular bile ducts in mice fed a methionine-rich, bentonite-supplemented diet and 
they were the first to suggest the existence of a bipotential liver progenitor or stem cell 
(Wilson & Leduc, 1958). Many experimental models involving toxins and carcinogens, alone 
or in combination with other surgical or dietary regimes, have since been developed and 
these facilitated the study of these progenitor cells, which are now widely accepted to 
represent adult LPCs; the progeny of hepatic stem-like cells. 

The precise origin of LPCs remains uncertain, even though many researchers have 
addressed this question. The lack of definite evidence regarding the cellular source of LPCs 
may reflect differences in the models used to induce them and has also been hampered by a 
lack of specific LPC markers. Lenzi et al. suggested bile ducts as the structure of origin and 
argued that LPCs express biliary markers such as cytokeratin (CK) 7 and CK19 and lack 
expression of the mesenchymal cell markers vimentin and desmin. Additionally, the degree 
of LPC proliferation during early ethionine-induced carcinogenesis was found to be 
proportional to the increase in biliary tree volume and the authors claimed that LPCs are 
simply part of spatially expanded cholangioles (Lenzi et al., 1992). 

Other investigators have proposed an extrahepatic origin for LPCs. After it became apparent 
that some LPCs share c-kit, CD34 and Thy-1 expression with haematopoietic stem cells 
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hepatocytes has previously been underestimated. Rhim et al. showed that newborn uPA 
overexpressing mice with continuous hepatocytic necrosis could be rescued by 
transplantation of a small number of hepatocytes that required between 10 to 15 rounds of 
replication to generate sufficient liver mass (Rhim et al., 1994; Rhim et al., 1995). In addition, 
serial transplantation experiments performed in tyrosinemic mice caused by a deficiency for 
fumarylacetoacetate hydrolase (FAH) revealed that hepatocytes are capable of undergoing 
more than 70 cell doublings without loss of functionality (Overturf et al., 1997). Conversely 
there is also recent evidence that hepatocytes might reach a state of “replicative senescence” 
under certain chronic conditions such as advanced cirrhosis, perhaps due to telomere 
shortening (Paradis et al., 2001; Wiemann et al., 2002). 

3.2 Liver progenitor cell-mediated regeneration 

Repeated replication of healthy hepatocytes is the most efficient way to restore liver mass 
and function during normal tissue renewal and repair. If this process is inhibited or blocked 
during chronic chemical or carcinogenic hepatocyte insult, the liver relies on stem cell-like 
LPCs for its restoration. These cells are also referred to as “oval cells” in rodents (Fausto & 
Campbell, 2003) and the “Ductular Reaction” in humans due to their rather ductular 
phenotype in most human chronic liver diseases (Roskams & Desmet, 1998; Theise et al., 
1999). 

3.2.1 History, origin and features of liver progenitor cells 

The appearance of oval-like cells in the livers of rats treated with the azo dye “Butter 
Yellow” was originally reported in 1937 (Kinosita, 1937). Two decades later, Farber 
introduced the term “oval cell” for this population after observing small ovoid cells with a 
scant basophilic cytoplasm and a high nuclear to cytoplasmic ratio following treatment of 
rats with carcinogenic agents (Farber, 1956a, 1956b). Shortly after, Wilson and Leduc 
documented the proliferation of ductular cells that gave rise to hepatocytes and possibly 
new interlobular bile ducts in mice fed a methionine-rich, bentonite-supplemented diet and 
they were the first to suggest the existence of a bipotential liver progenitor or stem cell 
(Wilson & Leduc, 1958). Many experimental models involving toxins and carcinogens, alone 
or in combination with other surgical or dietary regimes, have since been developed and 
these facilitated the study of these progenitor cells, which are now widely accepted to 
represent adult LPCs; the progeny of hepatic stem-like cells. 

The precise origin of LPCs remains uncertain, even though many researchers have 
addressed this question. The lack of definite evidence regarding the cellular source of LPCs 
may reflect differences in the models used to induce them and has also been hampered by a 
lack of specific LPC markers. Lenzi et al. suggested bile ducts as the structure of origin and 
argued that LPCs express biliary markers such as cytokeratin (CK) 7 and CK19 and lack 
expression of the mesenchymal cell markers vimentin and desmin. Additionally, the degree 
of LPC proliferation during early ethionine-induced carcinogenesis was found to be 
proportional to the increase in biliary tree volume and the authors claimed that LPCs are 
simply part of spatially expanded cholangioles (Lenzi et al., 1992). 

Other investigators have proposed an extrahepatic origin for LPCs. After it became apparent 
that some LPCs share c-kit, CD34 and Thy-1 expression with haematopoietic stem cells 
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(Fujio et al., 1994; Omori et al., 1997; Petersen et al., 1998a), Petersen et al. were the first to 
suggest that LPCs could be derived from epithelial precursors in the bone marrow (Petersen 
et al., 1999). Bone marrow-derived cells that potentially contribute to liver regeneration 
would enter via the portal vasculature and locate adjacent to the ducts in the periportal 
region, which is why Sell extended the preceding proposition by suggesting the 
periductular LPC as the candidate cell for an extrahepatic, bone marrow-derived stem cell in 
the liver (Sell, 2001). To test the hypothesis that cells from the bone marrow contribute to the 
formation of LPCs and hepatocytes, several investigators performed cell transplantation 
studies. They generally followed the fate of male bone marrow cells or purified 
haematopoietic stem cells transplanted into lethally irradiated female recipients that were in 
most cases subjected to liver injury. It was demonstrated that very minor fractions of LPCs 
or hepatocytes were donor-derived in both healthy and diseased livers (Petersen et al., 1999; 
Theise et al., 2000a, 2000b; Krause et al., 2001; Wang et al., 2002). The responsible population 
in the bone marrow capable of repopulating the liver was thought to be of c-
kithighThylowLinnegSca-1pos phenotype (Lagasse et al., 2000). Soon after, the bone marrow was 
found to contain another stem cell subpopulation, the multipotent adult progenitor cell 
(MAPC), which can be induced to express hepatocyte phenotype and functions in vitro 
(Schwartz et al., 2002) and is capable of differentiating into hepatocyte-like cells when 
transplanted into the liver (Jiang et al., 2002). When donor-derived hepatocytes were examined 
genotypically, it was noted that they contained both donor and host genetic markers, 
indicating cell fusion as the likely mechanism by which hepatocytes are generated from bone 
marrow and not by transdifferentiation of haematopoietic stem cells (Vassilopoulos et al., 2003; 
Wang et al., 2003b). On the other hand, haematopoietic stem cells co-cultured with injured liver 
tissue separated by a trans-well membrane were shown to convert to a hepatocyte phenotype 
without fusion due to humoral factors released from the liver tissue. When engrafted into 
injured liver the haematopoietic stem cells differentiated into functional hepatocytes and their 
plasticity was proposed to facilitate the conversion, rather than the rare cell fusion event that 
was only seen at later stages of the experiment (Jang et al., 2004). Recently it was demonstrated 
by transplantation of lacZ-transgenic bone marrow into virally or steatotically challenged mice 
that the contribution of extrahepatic cells to LPC-generated hepatocytes is minimal (Tonkin et 
al., 2008). Collectively, these experiments show that some bone marrow cells are capable of 
producing hepatocytes (with or without fusion, depending on the model and cell population 
used) to restore injured liver. However, it occurs at a low frequency and efficiency unless a 
strong selective pressure is applied (Thorgeirsson & Grisham, 2006). It is likely that the more 
significant role of bone marrow cells is to generate non-parenchymal cells during liver 
regeneration (Forbes et al., 2004). The usual regeneration processes after acute and chronic liver 
injuries appear to rely predominantly on intrahepatic cells. 

The most widely accepted view is that LPCs originate from liver-resident precursor or stem 
cells, which lie dormant and present in such low numbers as to be undetectable in normal 
liver. However, they can be activated to proliferate under certain pathological conditions 
(Fig. 1). Evidence from experiments showing that LPCs always emerge from periportal liver 
zones and the fact that selective periportal damage inhibits the LPC response (Petersen et al., 
1998b) have led to the conclusion that the precursor cell likely resides somewhere in the 
vicinity of the portal triad. Grisham and Porta found ductular proliferation in carcinogen-
treated rats that they attributed to activated stem-like cells from the Canals of Hering, the 
anatomical boundary between terminal bile ducts and the most distal hepatocytes of the 
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hepatic plate (Grisham and Porta, 1964). Microscopic studies of early histological changes in 
rats following 2-acetylaminofluorene (2-AAF)/partial hepatectomy (PHx) treatment also 
show elongated ductular branches that are formed by proliferating LPCs, which originate 
from a stem cell compartment located in these canalicular-ductular junctions. The newly 
formed biliary structures represent cellular extensions of the Canals of Hering and remain 
connected to the terminal biliary ductules by a continuous basement membrane (Paku et al., 
2001). Reid and colleagues suggested epithelial cell adhesion molecule (EpCAM) as a 
suitable marker for isolation and study of these Canals of Hering-derived LPCs (Schmelzer 
et al., 2007). Lineage tracing of Sry (sex determining region Y)-box 9 (Sox9)-expressing cells 
supports the hypothesis that LPCs derive from the epithelial lining of bile ducts (Furuyama 
et al., 2011). Theise et al. conducted studies comparing normal with acetaminophen-induced 
necrotic liver and identified the human equivalent to the rodent Canals of Hering, a niche 
which is similarly thought to harbour stem-like cells that give rise to LPCs or the Ductular 
Reaction (Theise et al., 1999).  

 
Fig. 1. LPC ontogeny. During liver development hepatoblasts (Hb) differentiate into 
cholangiocytes (C) and hepatocytes (Hep) and might be incorporated into the Canals of 
Hering to serve as a stem cell compartment during chronic liver injury. Activated liver 
progenitor cells (LPC) proliferate after appropriate stimuli, are capable of self-renewal and 
later commit towards either the cholangiocytic or hepatocytic lineage to regenerate the liver. 
If kept in a proliferative state, LPCs are likely candidates for transformation and might 
represent cancer stem cells (CSCs). 

LPCs are a heterogeneous cell population and immature as well as intermediate phenotypes 
are observed before cells that express a differentiated phenotype are identified. Importantly, 
from activation to differentiation or transformation, they continuously change their 
morphology, phenotype and accordingly marker expression. LPCs express different 
combinations of phenotypic markers from both the hepatocytic and biliary lineage (Fig. 2) 
and also share epitopes with haematopoietic cells and cancer stem cells (CSCs; see table 1).  
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cholangiocytes (C) and hepatocytes (Hep) and might be incorporated into the Canals of 
Hering to serve as a stem cell compartment during chronic liver injury. Activated liver 
progenitor cells (LPC) proliferate after appropriate stimuli, are capable of self-renewal and 
later commit towards either the cholangiocytic or hepatocytic lineage to regenerate the liver. 
If kept in a proliferative state, LPCs are likely candidates for transformation and might 
represent cancer stem cells (CSCs). 

LPCs are a heterogeneous cell population and immature as well as intermediate phenotypes 
are observed before cells that express a differentiated phenotype are identified. Importantly, 
from activation to differentiation or transformation, they continuously change their 
morphology, phenotype and accordingly marker expression. LPCs express different 
combinations of phenotypic markers from both the hepatocytic and biliary lineage (Fig. 2) 
and also share epitopes with haematopoietic cells and cancer stem cells (CSCs; see table 1).  
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Fig. 2. Bipotentiality of LPCs. Immunofluorescent characterisation of the clonally established 
LPC line BMOL (Tirnitz-Parker et al., 2007) demonstrates the cells’ bipotentiality. Immature 
BMOL cells co-express the hepatocytic markers muscle 2-pyruvate kinase (A, green) and 
transferrin (B, green) with the biliary markers A6 (A, red) and CK19 (B, red). 
 

 
Table 1. Marker expression by adult liver cells. A6, murine marker, epitope unknown; AFP, 
α-fetoprotein; Alb, albumin; CD, cluster of differentiation; CK, cytokeratin; c-kit, CD117, stem 
cell factor receptor; Cx, connexin; Dlk, delta-like protein; E-cad, E-cadherin; EpCAM, epithelial 
cell adhesion molecule; GGT IV, γ-glutamyl transpeptidase IV; M2PK, muscle 2-pyruvate 
kinase ; OV-6, rat and human marker, epitope shared by CK14 and 19; π-GST, pi-glutatione-S-
transferase; Sca-1, stem cell antigen 1; Thy-1, thymocyte differentiation antigen 1. 
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They have been shown to differentiate at least bipotentially into hepatocytes and 
cholangiocytes (Tirnitz-Parker et al., 2007), and in some models display multipotentiality, 
also producing intestinal and pancreatic lineages (Tatematsu et al., 1985; Yang et al., 2002; 
Leite et al., 2007). Hence it is not surprising that there is still not a single LPC-specific marker 
available and a combination of phenotypic markers is required for their identification or 
isolation. 

LPCs infiltrate the parenchyma in close spatial and temporal association with hepatic 
stellate cells (HSCs). Following activation, HSCs differentiate from quiescent, vitamin A-rich 
cells into α-smooth muscle actin-positive myofibroblastic cells, which are capable of matrix 
degradation to generate space for cell migration as well as fibrogenesis and collagen 
deposition to provide chronically injured liver with architectural support. The activation, 
proliferation, migration and differentiation status of LPCs and HSCs, as well as their 
beneficial as opposed to pathological contributions, are controlled by key cytokines. LPCs 
and HSCs have been reported to influence each other’s behaviour through paracrine 
signalling. LPCs produce a range of cytokines, including lymphotoxin β (LTβ), which 
signals via the LTβ receptor on HSCs to activate the NFkB pathway. This results in 
production of intercellular adhesion molecule 1 (ICAM-1) and regulated upon activation, 
normal T-cell expressed and secreted (RANTES), which then act as chemotactic agents for 
LPCs and inflammatory cells involved in the wound healing response to chronic liver injury 
(Ruddell et al., 2009). Several other factors mediating the LPC response have been identified, 
including tumour necrosis factor (TNF), TNF-like weak inducer of apoptosis (TWEAK), 
interferon gamma (IFNγ), and transforming growth factor beta (TGFβ) among others (Knight 
et al., 2000; Akhurst et al., 2005; Knight et al., 2005; Knight & Yeoh, 2005;  Knight et al., 2007; 
Tirnitz-Parker et al., 2010). Abrogation of these key signalling pathways inhibits the LPC 
response to injury and prevents or diminishes liver fibrosis in animal models (Davies et al., 
2006; Lim et al., 2006; Knight et al., 2008). In the setting of impaired wound healing combined 
with chronic inflammation, the regenerative fibrotic response turns into pathological 
fibrogenesis, which can progress to cirrhosis and eventually hepatocellular carcinoma (HCC). 

3.2.2 Rodent liver progenitor cell induction models 

The majority of commonly used LPC induction models was originally developed to study 
the process of hepatocarcinogenesis. They generally combine an injuring mitotic stimulus, 
usually in the form of functional liver mass loss (chemically or otherwise-induced), with a 
manipulation that chronically damages hepatocytes or blocks their ability to divide and 
prevents them from contributing to the liver regeneration process. Described below are four 
examples of the most commonly used regimens. 

3.2.2.1 D-galactosamine 

This model is mainly used to induce liver injury in the rat. Administration of D-
galactosamine inhibits RNA and protein synthesis in centrilobular hepatocytes by trapping 
and depleting uridine-nucleotides and UDP-glucose (Decker & Keppler, 1972), leading to 
acute necrosis. Hepatocyte replication is not fully blocked in this model; the response is only 
delayed. LPCs are resistant to the chemical as they do not metabolise D-galactosamine and 
are induced to proliferate within 48 hours after injury. They migrate into the parenchyma, 
where they generate both ductular cells and small hepatocytes (Lemire et al., 1991; Dabeva & 
Shafritz, 1993).  
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3.2.2.2 Solt-Farber model and the modified 2-AAF/PHx regime 

In this model, which is commonly used in rats and only rarely in mice, injection of the 
ethylating hepatocarcinogen diethylnitrosamine (DEN) is followed two weeks later by a 
two-week treatment with 2-AAF and PHx one week into 2-AAF feeding (Solt & Farber, 
1976). The most commonly used regimen is a modification to the original Solt-Farber 
protocol, in which the “initiation” step of DEN injection is omitted and 2-AAF is 
administered four days before and after PHx, the 2-AAF/PHx regime (Tatematsu et al., 1984). 
Both models induce proliferation of ductular or periductular LPCs, which accelerates when 2-
AAF feeding is terminated, indicating that not only hepatocytes are growth-inhibited by 2-
AAF but also LPCs, although to a lesser extent. LPCs differentiate more efficiently into 
hepatocytes at low doses of 2-AAF, whereas they tend to undergo apoptosis at higher dosages 
(Alison et al., 1997). As a consequence, the rate at which LPCs differentiate into hepatocytes 
can easily be controlled through variation of the 2-AAF dose (Paku et al., 2004). 

3.2.2.3 Choline-deficient, ethionine supplemented diet (CDE diet) 

A dietary deficiency of the lipotrope choline is known to induce hepatic steatosis (Lombardi 
et al., 1966; Lombardi et al., 1968). This pathology reflects an impaired release of triglycerides 
in the form of very low-density lipoprotein (VLDL) from hepatocytes, leading to 
intracytoplasmic deposition of fat vacuoles within a few hours of choline withdrawal. 
Choline-deficiency has also been reported to induce hepatocarcinogenesis (Ghoshal & 
Farber, 1984; Yokoyama et al., 1985; Locker et al., 1986). Similar effects were shown for 
another well-known carcinogen, DL-ethionine. Administered alone, ethionine is an 
antagonist of methionine and as such an inhibitor of de novo choline-biosynthesis thus 
induces fatty liver (Farber, 1967) and also leads to HCC (Farber, 1956a). When tested in 
combination with choline-deficiency, ethionine enhances the formation of liver tumours 
(Shinozuka et al., 1978b), yet surprisingly diminishes the formation of fatty liver during 
choline-deficiency (Sidransky & Verney, 1969). 

An interesting observation during early choline-deficient, ethionine-supplemented (CDE) 
diet-induced hepatocarcinogenesis studies in rats was the massive proliferation of α-
fetoprotein-positive LPCs in the liver (Shinozuka et al., 1978a). Numerous studies using this 
model to provoke an LPC response in rats were subsequently described. Due to the 
extensive availability of genetically engineered mouse strains, it became desirable to apply 
this regimen to mice. The conventional CDE diet used in rats however caused high mortality 
in mice and was therefore modified to a CD diet with separate administration of 0.165% DL-
ethionine in the drinking water. This customised CDE diet (Akhurst et al., 2001) reliably 
induces the proliferation of LPCs (Fig. 3, Tirnitz-Parker et al., 2007; Tirnitz-Parker et al., 2010) 
as well as inflammatory cells (Knight et al., 2005) and serves as a murine model of hepatic 
fibrogenesis (Ruddell et al., 2009; Van Hul et al., 2009) and tumorigenesis following 
prolonged CDE diet exposure (Knight et al., 2000; Knight et al., 2008).  

3.2.2.4 3,5-diethoxycarbonyl-1,4-dihydro-collidine diet (DDC diet) 

The hepatotoxin 3,5-diethoxycarbonyl-1,4-dihydro-collidine is also an effective inducer of 
LPCs as it causes extensive and prolonged liver damage while the diet is administered 
(Jakubowski et al., 2005). However, in contrast to the CDE diet (see above), a fraction of 
hepatocytes continue to proliferate for the duration of diet administration (Wang et al., 
2003a). Thus the model is unusual in that liver regeneration is accomplished by both 
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hepatocytes and LPCs. It offers an alternate model to investigate mechanisms that regulate 
LPC proliferation and differentiation. In the context of liver cancer, the DDC model has been 
used extensively to demonstrate a link between LPCs and HCC.  LPCs isolated from p53 
null mice subjected to a DDC diet are able to generate both hepatocarcinomas and 
cholangiocarcinomas following transplantation into immunodeficient mice (Suzuki et al., 
2008).  By placing a Hepatitis B Virus X transgenic mouse on a DDC diet, Wang and 
colleagues were able to show that LPCs overexpressing HBx were tumorigenic (Wang et al., 
2012). Interestingly, over the same period of seven months, DDC treatment did not induce 
tumours in wild type mice. In another study, the importance of the Hippo-Salvador 
pathway, working through inhibition of the yes-associated protein YAP, was shown by 
subjecting mice with liver-specific ablation of WW45 (drosophila homolog of Salvador and 
adaptor for the Hippo kinase) to a DDC diet.  These mice displayed liver tissue overgrowth, 
an enhanced LPC response and they developed liver tumours with HCC as well as 
cholangiocarcinoma characteristics that appeared to be LPC-derived (Lee et al., 2010). 

 
Fig. 3. Histology of normal and chronically injured liver. Adult mice on a control diet 
display normal liver architecture with orderly cords of hepatocytes and sinusoidal 
structures in-between the plates (A). On day 21 of the CDE diet, the liver architecture is 
highly disrupted by steatosis, scattered aggregates of infiltrated inflammatory cells and 
proliferating LPCs (B). 

3.2.3 Liver progenitor cells in human pathologies 

LPCs have been identified in a variety of human liver pathologies and are activated like 
their rodent counterparts to regenerate chronically injured liver (Haque et al., 1996; Theise et 
al., 1999). Like oval cells in rodents, human LPCs are usually associated with prolonged 
fibrosis, hepatocellular necrosis, cirrhosis and chronic inflammatory liver diseases. Hence, 
their proliferation is frequently seen in patients with hereditary haemochromatosis, chronic 
hepatitis B or C infection, alcoholic liver disease (ALD) and non-alcoholic fatty liver disease 
(NAFLD) when hepatocytes are inhibited by DNA-damaging oxidative stress (Lowes et al., 
1999; Roskams et al., 2003a; Clouston et al., 2005). The degree of stem cell activation and the 
number of proliferating LPCs in these pathologies was demonstrated to correlate with the 
progression and severity of the underlying liver disease (Lowes et al., 1999).  The activation 
of human LPCs is characterised by the appearance of reactive ductules, also referred to as 
Ductular Reaction. Cirrhotic livers have been shown to contain nodules that are usually in 
close contact with reactive ductules and consist entirely of intermediate hepatocytes, which 
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3.2.2.2 Solt-Farber model and the modified 2-AAF/PHx regime 

In this model, which is commonly used in rats and only rarely in mice, injection of the 
ethylating hepatocarcinogen diethylnitrosamine (DEN) is followed two weeks later by a 
two-week treatment with 2-AAF and PHx one week into 2-AAF feeding (Solt & Farber, 
1976). The most commonly used regimen is a modification to the original Solt-Farber 
protocol, in which the “initiation” step of DEN injection is omitted and 2-AAF is 
administered four days before and after PHx, the 2-AAF/PHx regime (Tatematsu et al., 1984). 
Both models induce proliferation of ductular or periductular LPCs, which accelerates when 2-
AAF feeding is terminated, indicating that not only hepatocytes are growth-inhibited by 2-
AAF but also LPCs, although to a lesser extent. LPCs differentiate more efficiently into 
hepatocytes at low doses of 2-AAF, whereas they tend to undergo apoptosis at higher dosages 
(Alison et al., 1997). As a consequence, the rate at which LPCs differentiate into hepatocytes 
can easily be controlled through variation of the 2-AAF dose (Paku et al., 2004). 

3.2.2.3 Choline-deficient, ethionine supplemented diet (CDE diet) 

A dietary deficiency of the lipotrope choline is known to induce hepatic steatosis (Lombardi 
et al., 1966; Lombardi et al., 1968). This pathology reflects an impaired release of triglycerides 
in the form of very low-density lipoprotein (VLDL) from hepatocytes, leading to 
intracytoplasmic deposition of fat vacuoles within a few hours of choline withdrawal. 
Choline-deficiency has also been reported to induce hepatocarcinogenesis (Ghoshal & 
Farber, 1984; Yokoyama et al., 1985; Locker et al., 1986). Similar effects were shown for 
another well-known carcinogen, DL-ethionine. Administered alone, ethionine is an 
antagonist of methionine and as such an inhibitor of de novo choline-biosynthesis thus 
induces fatty liver (Farber, 1967) and also leads to HCC (Farber, 1956a). When tested in 
combination with choline-deficiency, ethionine enhances the formation of liver tumours 
(Shinozuka et al., 1978b), yet surprisingly diminishes the formation of fatty liver during 
choline-deficiency (Sidransky & Verney, 1969). 

An interesting observation during early choline-deficient, ethionine-supplemented (CDE) 
diet-induced hepatocarcinogenesis studies in rats was the massive proliferation of α-
fetoprotein-positive LPCs in the liver (Shinozuka et al., 1978a). Numerous studies using this 
model to provoke an LPC response in rats were subsequently described. Due to the 
extensive availability of genetically engineered mouse strains, it became desirable to apply 
this regimen to mice. The conventional CDE diet used in rats however caused high mortality 
in mice and was therefore modified to a CD diet with separate administration of 0.165% DL-
ethionine in the drinking water. This customised CDE diet (Akhurst et al., 2001) reliably 
induces the proliferation of LPCs (Fig. 3, Tirnitz-Parker et al., 2007; Tirnitz-Parker et al., 2010) 
as well as inflammatory cells (Knight et al., 2005) and serves as a murine model of hepatic 
fibrogenesis (Ruddell et al., 2009; Van Hul et al., 2009) and tumorigenesis following 
prolonged CDE diet exposure (Knight et al., 2000; Knight et al., 2008).  

3.2.2.4 3,5-diethoxycarbonyl-1,4-dihydro-collidine diet (DDC diet) 

The hepatotoxin 3,5-diethoxycarbonyl-1,4-dihydro-collidine is also an effective inducer of 
LPCs as it causes extensive and prolonged liver damage while the diet is administered 
(Jakubowski et al., 2005). However, in contrast to the CDE diet (see above), a fraction of 
hepatocytes continue to proliferate for the duration of diet administration (Wang et al., 
2003a). Thus the model is unusual in that liver regeneration is accomplished by both 
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hepatocytes and LPCs. It offers an alternate model to investigate mechanisms that regulate 
LPC proliferation and differentiation. In the context of liver cancer, the DDC model has been 
used extensively to demonstrate a link between LPCs and HCC.  LPCs isolated from p53 
null mice subjected to a DDC diet are able to generate both hepatocarcinomas and 
cholangiocarcinomas following transplantation into immunodeficient mice (Suzuki et al., 
2008).  By placing a Hepatitis B Virus X transgenic mouse on a DDC diet, Wang and 
colleagues were able to show that LPCs overexpressing HBx were tumorigenic (Wang et al., 
2012). Interestingly, over the same period of seven months, DDC treatment did not induce 
tumours in wild type mice. In another study, the importance of the Hippo-Salvador 
pathway, working through inhibition of the yes-associated protein YAP, was shown by 
subjecting mice with liver-specific ablation of WW45 (drosophila homolog of Salvador and 
adaptor for the Hippo kinase) to a DDC diet.  These mice displayed liver tissue overgrowth, 
an enhanced LPC response and they developed liver tumours with HCC as well as 
cholangiocarcinoma characteristics that appeared to be LPC-derived (Lee et al., 2010). 

 
Fig. 3. Histology of normal and chronically injured liver. Adult mice on a control diet 
display normal liver architecture with orderly cords of hepatocytes and sinusoidal 
structures in-between the plates (A). On day 21 of the CDE diet, the liver architecture is 
highly disrupted by steatosis, scattered aggregates of infiltrated inflammatory cells and 
proliferating LPCs (B). 

3.2.3 Liver progenitor cells in human pathologies 

LPCs have been identified in a variety of human liver pathologies and are activated like 
their rodent counterparts to regenerate chronically injured liver (Haque et al., 1996; Theise et 
al., 1999). Like oval cells in rodents, human LPCs are usually associated with prolonged 
fibrosis, hepatocellular necrosis, cirrhosis and chronic inflammatory liver diseases. Hence, 
their proliferation is frequently seen in patients with hereditary haemochromatosis, chronic 
hepatitis B or C infection, alcoholic liver disease (ALD) and non-alcoholic fatty liver disease 
(NAFLD) when hepatocytes are inhibited by DNA-damaging oxidative stress (Lowes et al., 
1999; Roskams et al., 2003a; Clouston et al., 2005). The degree of stem cell activation and the 
number of proliferating LPCs in these pathologies was demonstrated to correlate with the 
progression and severity of the underlying liver disease (Lowes et al., 1999).  The activation 
of human LPCs is characterised by the appearance of reactive ductules, also referred to as 
Ductular Reaction. Cirrhotic livers have been shown to contain nodules that are usually in 
close contact with reactive ductules and consist entirely of intermediate hepatocytes, which 
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strongly suggests they originate from LPCs (Roskams et al., 2003a; Roskams et al., 2003b, 
Falkowski et al., 2003). LPCs always emerge in pathologies with a predisposition to cancer 
and their proliferation in an environment rich in inflammatory mediators, growth factors or 
reactive oxygen species renders them likely targets for transformation. Furthermore, 
inhibition of the LPC response has been demonstrated to reduce the formation of cancerous 
lesions, strongly supporting a role for LPCs in hepatocarcinogenesis (Davies et al., 2006; 
Knight et al., 2005; Knight et al., 2008). Very recently LPCs have not only been discussed as 
cellular precursors for liver cancer but also as potential liver cancer stem cells, which could 
be responsible for tumour maintenance and recurrence (Marquardt et al., 2011; Rountree et 
al., 2012).  

4. Cancer stem cells 
The similarities between adult stem cells and CSC have led to confusion regarding their 
identity and it has often not been clear in the literature whether CSCs represent transformed 
progenitor or stem cells or whether both cell types are distinct cell populations that only 
share the expression of certain cell markers and display a similar biology.  Adult tissue stem 
cells and CSCs are both defined by (i) highly efficient self-renewing ability through 
asymmetrical cell division and (ii) differentiation capacity along at least two if not more cell 
lineages. CSCs manifest the additional property of tumour initiation and/or maintenance. 
Nowadays the consensus is that the term CSC simply describes a cell’s potential for self-
renewal and ability to give rise to the hierarchic organisation of the heterogeneous lineages 
of cancer cells that constitute the tumour and does not consider the cell’s origin. CSCs may 
arise from the differentiation arrest and transformation of a normal adult stem cell through 
oncogenic and/or epigenetic aberrations or the dedifferentiation of a mature cell that 
subsequently acquires self-renewing capacity. The CSC concept has been debated for many 
decades and compelling evidence of their existence has only emerged in the past decade. 

4.1 Haematopoietic cancer stem cells 

The existence of CSCs was first demonstrated in the haematological malignancy acute 
myeloid leukaemia (AML). Dick and colleagues isolated human AML cells from peripheral 
blood and transplanted them into non-obese diabetic/severe combined immunodeficient 
(NOD/SCID) mice. The vast majority of cells was unable to induce leukaemia, even when 
transplanted in larger numbers, despite the fact that they displayed a leukaemic blast 
phenotype such as the CD34+/CD38+ subpopulation. Only 0.01-1% of all AML cells, the 
CD34+CD38- fraction, initiated AML and gave rise to a heterogeneous leukaemia tumour 
cell mass, classifying them as CSCs. The CD34+CD38- cells could be serially transplanted 
and reliably developed AML with the same morphology and cell surface marker expression 
as the original tumour (Bonnet & Dick, 1997). Additional tumour–initiating AML cell 
populations were later identified and described to be of a CD34+CD19- or CD34+CD10- and 
CD34+CD4- or CD34+CD7- phenotype (Cox et al., 2004; Cox et al., 2007). 

4.2 Solid tumour cancer stem cells 

Using similar approaches involving cell transplantation into immunodeficient mice, CSCs 
have subsequently been identified in a variety of solid tumours, including breast, brain and 
liver cancer. 

 
Liver Progenitor Cells, Cancer Stem Cells and Hepatocellular Carcinoma 

 

27 

4.2.1 Breast cancer stem cells 

Metastatic breast cancer was the first solid tumour in which CSCs were identified and 
prospectively isolated. The CD44+CD24-/lowLineage- cell population initiated tumours upon 
transplantation into mice with as few as 100 cells per injection. Importantly, they could be 
serially passaged and reliably reproduced the heterogeneous phenotype of the original 
breast cancer. In contrast, unsorted cells from the primary tumour or injection of a large 
number of alternate phenotypes, such as CD44+CD24+ cells, failed to form tumours (Al-Hajj 
et al., 2003). Furthermore, it was established that increased expression of the detoxifying 
enzyme aldehyde dehydrogenase (ALDH) identifies the tumorigenic breast stem cell 
fraction and high ALDH1 activity correlates with poorer prognosis (Ginestier et al., 2007). 

4.2.2 Central nervous system cancer stem cells 

The discovery of breast CSC was reported in the same year as the identification of tumour-
initiating stem cells in the brain. Singh and colleagues identified and prospectively isolated 
a CD133+ population of cells from a range of human brain tumours including 
medulloblastomas, pilocytic astrocytoma, glioblastoma and anaplastic ependymoma that in 
vitro exhibited stem cell properties and gave rise to heterogeneous cell populations with the 
same phenotype as the original tumour cells. Upon transplantation of as few as 100 CD133+ 
glioma cells into the frontal lobes of NOD/SCID mice, serially transplantable tumours were 
initiated that mirrored the original tumour phenotype, whereas no tumours developed after 
injection of a much larger number of CD133- cells from the same tumour (Singh et al., 2003; 
Singh et al., 2004). 

4.2.3 Liver cancer stem cells 

Only very recently have liver CSCs been described. However the mounting evidence is 
compelling and ever more markers are suggested to describe the population of cells that 
may be responsible for liver cancer initiation, maintenance and potentially tumour 
recurrence after HCC resection, as described below.  

4.2.3.1 Side population (Hoechst 33342 dye efflux) 

The first evidence for the existence of liver CSCs came from Haraguchi and colleagues who 
performed Hoechst 33342 side population (SP) analyses of various human gastrointestinal 
cell lines and identified a subpopulation of cells with CSC properties. The SP approach is 
based on the finding that cells without stem cell characteristics accumulate the fluorescent 
nucleic acid-binding dye Hoechst 33342, whereas stem cells and CSCs do not as they are 
capable of effectively effluxing the dye through high activity of adenosine triphosphate 
(ATP)-binding cassette (ABC) transporters such as the multidrug resistance transporter 1 
(MDR1) or breast cancer resistance protein (BCRP, also known as ABCG2). These ABC 
transporters employ ATP hydrolysis to facilitate substrate export across membranes against 
steep concentration gradients and thereby protect cells from cytotoxic agents and 
importantly from chemotherapeutic drugs such as cisplatin and doxorubicin. The authors 
report that the HCC lines HuH7 and Hep3B contained 0.9% to 1.8% SP cells with CSC 
properties, respectively, whereas no SP cells could be purified from the less aggressive 
hepatoma cell line HepG2 (Haraguchi et al., 2006). These results were confirmed shortly 
after by Chiba and colleagues who identified SP cells in some human liver cell lines, which 
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strongly suggests they originate from LPCs (Roskams et al., 2003a; Roskams et al., 2003b, 
Falkowski et al., 2003). LPCs always emerge in pathologies with a predisposition to cancer 
and their proliferation in an environment rich in inflammatory mediators, growth factors or 
reactive oxygen species renders them likely targets for transformation. Furthermore, 
inhibition of the LPC response has been demonstrated to reduce the formation of cancerous 
lesions, strongly supporting a role for LPCs in hepatocarcinogenesis (Davies et al., 2006; 
Knight et al., 2005; Knight et al., 2008). Very recently LPCs have not only been discussed as 
cellular precursors for liver cancer but also as potential liver cancer stem cells, which could 
be responsible for tumour maintenance and recurrence (Marquardt et al., 2011; Rountree et 
al., 2012).  

4. Cancer stem cells 
The similarities between adult stem cells and CSC have led to confusion regarding their 
identity and it has often not been clear in the literature whether CSCs represent transformed 
progenitor or stem cells or whether both cell types are distinct cell populations that only 
share the expression of certain cell markers and display a similar biology.  Adult tissue stem 
cells and CSCs are both defined by (i) highly efficient self-renewing ability through 
asymmetrical cell division and (ii) differentiation capacity along at least two if not more cell 
lineages. CSCs manifest the additional property of tumour initiation and/or maintenance. 
Nowadays the consensus is that the term CSC simply describes a cell’s potential for self-
renewal and ability to give rise to the hierarchic organisation of the heterogeneous lineages 
of cancer cells that constitute the tumour and does not consider the cell’s origin. CSCs may 
arise from the differentiation arrest and transformation of a normal adult stem cell through 
oncogenic and/or epigenetic aberrations or the dedifferentiation of a mature cell that 
subsequently acquires self-renewing capacity. The CSC concept has been debated for many 
decades and compelling evidence of their existence has only emerged in the past decade. 

4.1 Haematopoietic cancer stem cells 

The existence of CSCs was first demonstrated in the haematological malignancy acute 
myeloid leukaemia (AML). Dick and colleagues isolated human AML cells from peripheral 
blood and transplanted them into non-obese diabetic/severe combined immunodeficient 
(NOD/SCID) mice. The vast majority of cells was unable to induce leukaemia, even when 
transplanted in larger numbers, despite the fact that they displayed a leukaemic blast 
phenotype such as the CD34+/CD38+ subpopulation. Only 0.01-1% of all AML cells, the 
CD34+CD38- fraction, initiated AML and gave rise to a heterogeneous leukaemia tumour 
cell mass, classifying them as CSCs. The CD34+CD38- cells could be serially transplanted 
and reliably developed AML with the same morphology and cell surface marker expression 
as the original tumour (Bonnet & Dick, 1997). Additional tumour–initiating AML cell 
populations were later identified and described to be of a CD34+CD19- or CD34+CD10- and 
CD34+CD4- or CD34+CD7- phenotype (Cox et al., 2004; Cox et al., 2007). 

4.2 Solid tumour cancer stem cells 

Using similar approaches involving cell transplantation into immunodeficient mice, CSCs 
have subsequently been identified in a variety of solid tumours, including breast, brain and 
liver cancer. 
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4.2.1 Breast cancer stem cells 

Metastatic breast cancer was the first solid tumour in which CSCs were identified and 
prospectively isolated. The CD44+CD24-/lowLineage- cell population initiated tumours upon 
transplantation into mice with as few as 100 cells per injection. Importantly, they could be 
serially passaged and reliably reproduced the heterogeneous phenotype of the original 
breast cancer. In contrast, unsorted cells from the primary tumour or injection of a large 
number of alternate phenotypes, such as CD44+CD24+ cells, failed to form tumours (Al-Hajj 
et al., 2003). Furthermore, it was established that increased expression of the detoxifying 
enzyme aldehyde dehydrogenase (ALDH) identifies the tumorigenic breast stem cell 
fraction and high ALDH1 activity correlates with poorer prognosis (Ginestier et al., 2007). 

4.2.2 Central nervous system cancer stem cells 

The discovery of breast CSC was reported in the same year as the identification of tumour-
initiating stem cells in the brain. Singh and colleagues identified and prospectively isolated 
a CD133+ population of cells from a range of human brain tumours including 
medulloblastomas, pilocytic astrocytoma, glioblastoma and anaplastic ependymoma that in 
vitro exhibited stem cell properties and gave rise to heterogeneous cell populations with the 
same phenotype as the original tumour cells. Upon transplantation of as few as 100 CD133+ 
glioma cells into the frontal lobes of NOD/SCID mice, serially transplantable tumours were 
initiated that mirrored the original tumour phenotype, whereas no tumours developed after 
injection of a much larger number of CD133- cells from the same tumour (Singh et al., 2003; 
Singh et al., 2004). 

4.2.3 Liver cancer stem cells 

Only very recently have liver CSCs been described. However the mounting evidence is 
compelling and ever more markers are suggested to describe the population of cells that 
may be responsible for liver cancer initiation, maintenance and potentially tumour 
recurrence after HCC resection, as described below.  

4.2.3.1 Side population (Hoechst 33342 dye efflux) 

The first evidence for the existence of liver CSCs came from Haraguchi and colleagues who 
performed Hoechst 33342 side population (SP) analyses of various human gastrointestinal 
cell lines and identified a subpopulation of cells with CSC properties. The SP approach is 
based on the finding that cells without stem cell characteristics accumulate the fluorescent 
nucleic acid-binding dye Hoechst 33342, whereas stem cells and CSCs do not as they are 
capable of effectively effluxing the dye through high activity of adenosine triphosphate 
(ATP)-binding cassette (ABC) transporters such as the multidrug resistance transporter 1 
(MDR1) or breast cancer resistance protein (BCRP, also known as ABCG2). These ABC 
transporters employ ATP hydrolysis to facilitate substrate export across membranes against 
steep concentration gradients and thereby protect cells from cytotoxic agents and 
importantly from chemotherapeutic drugs such as cisplatin and doxorubicin. The authors 
report that the HCC lines HuH7 and Hep3B contained 0.9% to 1.8% SP cells with CSC 
properties, respectively, whereas no SP cells could be purified from the less aggressive 
hepatoma cell line HepG2 (Haraguchi et al., 2006). These results were confirmed shortly 
after by Chiba and colleagues who identified SP cells in some human liver cell lines, which 
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successfully induced xenograft tumours in NOD/SCID mice upon transplantation of as few 
as 1000 SP cells, while attempts to produce tumours with 1 x 106 non-SP cells failed 
consistently (Chiba et al., 2006). 

4.2.3.2 CD133 (Prominin 1) 

Several recent studies have used this glycoprotein initially identified as a marker for CD34+ 
haematopoietic stem cells and later as a marker of LPCs for the isolation of liver CSCs. 
Suetsugu et al. reported that both the hepatoblastoma cell line HepG2 as well as the human 
fetal hepatoblast cell line Hc lacked CD133 expression, and that CD133+ cells could only be 
demonstrated in the human HCC line Huh7. CD133+ cells showed a higher proliferative 
potential in culture but also a greater ability to initiate tumour growth in vivo compared to 
the CD133- population (Suetsugu et al., 2006). Hepatic cells with a CD133 phenotype have 
been shown to be more resistant to chemotherapeutic drugs such as doxorubicin and 5-
fluorouracil than their CD133- counterparts through preferential activation of the Akt/protein 
kinase B and Bcl-2 cell survival pathways. Furthermore, resistance of normal stem cells to 
cyclophosphamide is facilitated by the differentially expressed marker ALDH. Studies on 
ALDH and CD133+ cells found ALDH expression only in the CD133+ subpopulation and 
suggested a hierarchical cell organisation with regard to tumorigenicity in the order 
CD133+ALDH+ > CD133+ALDH- > CD133-ALDH-, which suggests ALDH as an additional 
marker useful for liver CSC identification (Ma et al., 2007, Ma et al., 2008). In addition, it has 
been demonstrated that TGFβ signalling can induce CD133 expression in the HCC cell line 
Huh7 through epigenetic regulation, which results in a significant increase in tumour initiation 
capacity in these cells compared to CD133- Huh7 cells (You et al., 2010). 

4.2.3.3 Epithelial cell adhesion molecule (EpCAM) 

Myajima and colleagues identified EpCAM as a biliary and LPC marker, which is expressed 
in biliary epithelial cells and becomes upregulated in liver upon 2-AAF/PHx and DDC 
treatment (Okabe et al., 2009). Since EpCAM expression has been reported in many normal 
epithelial as well as in tumour cells, it is not surprising that it has been suggested as a useful 
CSC marker. EpCAM+ cells isolated from human HCC tissues were shown to be more 
tumorigenic and invasive than EpCAM- cells and consistently formed invasive tumours in 
NOD/SCID mice, even after serial transplantation, whereas the EpCAM- population did not 
(Yamashita et al., 2009). EpCAM is a direct transcriptional target of Wnt/β-catenin 
signalling, which has been implicated as a CSC self-renewal pathway (Yamashita et al., 
2007). Activation of the Wnt/β-catenin pathway increased the EpCAM+ cell population, 
whereas knockdown of EpCAM resulted in decreased proliferation, colony formation, 
migration and drug resistance (Yamashita et al., 2009). 

5. Hepatocellular carcinoma  
Mortality from chronic liver disease is the most rapidly increasing cause of death in many 
western nations. The commonest aetiologies contributing to this escalation are chronic viral 
hepatitis C or B infection, alcoholic and non-alcoholic fatty liver disease. All these conditions 
can cause fibrosis and, subsequently, cirrhosis and HCC. Much evidence has been gathered 
demonstrating that HCC can arise from deregulated LPC proliferation and maturation 
during chronic liver injury in humans and in animal models of liver disease and 
carcinogenesis.  
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5.1 HCC: A clinically important end-stage complication of chronic liver disease 

End-stage complications of chronic liver disease (cirrhosis and HCC) are the 9th commonest 
global cause of death and will remain so for at least the next 20 years. Of great concern is the 
prediction by the World Health Organisation that by 2030, deaths from HCC will for the 
first time exceed those from non-malignant complications of cirrhosis, such as liver failure 
and portal hypertension (Mathers et al., 2006). 

Most cases of HCC in the western world arise in the setting of established cirrhosis (Bruix & 
Sherman, 2005; Olsen et al., 2010; Sherman, 2011). The median survival of untreated HCC is 
in the order of 6-16 months. In view of the poor survival in the absence of therapy, strategies 
have been implemented to reduce the incidence of HCC through immunisation to prevent 
chronic HBV infection and screening of high-risk groups (i.e. those with cirrhosis). Despite 
these approaches, we are still faced with an escalation in the number of cases and 
requirement for treatment (El-Serag & Mason, 1999; Bruix & Sherman, 2005; Llovet et al., 
2005; Mathers & Loncar, 2006; Llovet et al., 2008).  

Presently the treatment of choice for HCC is liver resection or orthotopic liver 
transplantation (OLT), either with or without adjunctive chemotherapy or non-surgical 
ablative therapy.  Liver resection is the treatment of choice for HCC in non-cirrhotic livers, 
and accounts for 5% of HCC cases in western countries and 40% of cases in non-western 
countries. Patients with well compensated cirrhosis and who do not have portal 
hypertension may also be considered for resection, provided that lesions are confined to the 
liver and enough “functional reserve” of liver is retained to ensure survival of the patient 
(Bruix & Sherman, 2005; Llovet et al., 2005). Currently, tumour size, number and vascular 
invasion are still the strongest predictors of survival with up to 70% of subjects surviving 
five years. Tumour recurrence complicates 70% of cases at five years, reflecting either 
intrahepatic metastases (true recurrences) or the development of de novo tumours (Llovet et 
al., 2005). Based on comparative genomic hybridisation, DNA fingerprinting using loss of 
heterozygosity assays, or DNA microarray studies, it is estimated that just over half of 
recurrences correspond to intrahepatic metastases undetected by the time of resection, 
whereas less than half are de novo HCCs (Chen et al., 2000; Finkelstein et al., 2003; Ng et al., 
2003). OLT is indicated in individuals who fulfil the “Milan criteria”: patients with a single 
HCC of up to five centimetres in size or up to three nodules not larger than three 
centimetres each. Strict adherence to these criteria results in 5-year survival of up to 70% 
with recurrence rates usually less than 15%(Bismuth et al., 1993; Mazzaferro et al., 1996; 
Llovet et al., 2005; Mazzaferro et al., 2009). 

5.2 Pathogenesis of HCC: The emerging role of LPCs and CSCs  

The activation and proliferation of LPCs during chronic liver injury is associated with an 
inflammatory response that involves activation of resident and recruited inflammatory cells 
(Fig. 4). These inflammatory cells initiate tissue regeneration by promoting the removal of 
cellular debris and by stimulating LPCs to proliferate through release of mitogenic growth 
factors and cytokines (Lowes et al., 2003; Knight et al., 2005). Whilst LPCs play an important 
role in normal liver repair processes, dysregulation of their proliferation and differentiation 
has been linked to fibrogenesis and carcinogenesis (Lowes et al., 1999; Clouston et al., 2005; 
Knight et al., 2008; Ruddell et al., 2009; Tirnitz-Parker et al., 2010). Clear demonstration of a 
role for LPCs, and possibly CSCs, in HCC development was reported by Shachaf and 
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successfully induced xenograft tumours in NOD/SCID mice upon transplantation of as few 
as 1000 SP cells, while attempts to produce tumours with 1 x 106 non-SP cells failed 
consistently (Chiba et al., 2006). 

4.2.3.2 CD133 (Prominin 1) 

Several recent studies have used this glycoprotein initially identified as a marker for CD34+ 
haematopoietic stem cells and later as a marker of LPCs for the isolation of liver CSCs. 
Suetsugu et al. reported that both the hepatoblastoma cell line HepG2 as well as the human 
fetal hepatoblast cell line Hc lacked CD133 expression, and that CD133+ cells could only be 
demonstrated in the human HCC line Huh7. CD133+ cells showed a higher proliferative 
potential in culture but also a greater ability to initiate tumour growth in vivo compared to 
the CD133- population (Suetsugu et al., 2006). Hepatic cells with a CD133 phenotype have 
been shown to be more resistant to chemotherapeutic drugs such as doxorubicin and 5-
fluorouracil than their CD133- counterparts through preferential activation of the Akt/protein 
kinase B and Bcl-2 cell survival pathways. Furthermore, resistance of normal stem cells to 
cyclophosphamide is facilitated by the differentially expressed marker ALDH. Studies on 
ALDH and CD133+ cells found ALDH expression only in the CD133+ subpopulation and 
suggested a hierarchical cell organisation with regard to tumorigenicity in the order 
CD133+ALDH+ > CD133+ALDH- > CD133-ALDH-, which suggests ALDH as an additional 
marker useful for liver CSC identification (Ma et al., 2007, Ma et al., 2008). In addition, it has 
been demonstrated that TGFβ signalling can induce CD133 expression in the HCC cell line 
Huh7 through epigenetic regulation, which results in a significant increase in tumour initiation 
capacity in these cells compared to CD133- Huh7 cells (You et al., 2010). 

4.2.3.3 Epithelial cell adhesion molecule (EpCAM) 

Myajima and colleagues identified EpCAM as a biliary and LPC marker, which is expressed 
in biliary epithelial cells and becomes upregulated in liver upon 2-AAF/PHx and DDC 
treatment (Okabe et al., 2009). Since EpCAM expression has been reported in many normal 
epithelial as well as in tumour cells, it is not surprising that it has been suggested as a useful 
CSC marker. EpCAM+ cells isolated from human HCC tissues were shown to be more 
tumorigenic and invasive than EpCAM- cells and consistently formed invasive tumours in 
NOD/SCID mice, even after serial transplantation, whereas the EpCAM- population did not 
(Yamashita et al., 2009). EpCAM is a direct transcriptional target of Wnt/β-catenin 
signalling, which has been implicated as a CSC self-renewal pathway (Yamashita et al., 
2007). Activation of the Wnt/β-catenin pathway increased the EpCAM+ cell population, 
whereas knockdown of EpCAM resulted in decreased proliferation, colony formation, 
migration and drug resistance (Yamashita et al., 2009). 

5. Hepatocellular carcinoma  
Mortality from chronic liver disease is the most rapidly increasing cause of death in many 
western nations. The commonest aetiologies contributing to this escalation are chronic viral 
hepatitis C or B infection, alcoholic and non-alcoholic fatty liver disease. All these conditions 
can cause fibrosis and, subsequently, cirrhosis and HCC. Much evidence has been gathered 
demonstrating that HCC can arise from deregulated LPC proliferation and maturation 
during chronic liver injury in humans and in animal models of liver disease and 
carcinogenesis.  
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5.1 HCC: A clinically important end-stage complication of chronic liver disease 

End-stage complications of chronic liver disease (cirrhosis and HCC) are the 9th commonest 
global cause of death and will remain so for at least the next 20 years. Of great concern is the 
prediction by the World Health Organisation that by 2030, deaths from HCC will for the 
first time exceed those from non-malignant complications of cirrhosis, such as liver failure 
and portal hypertension (Mathers et al., 2006). 

Most cases of HCC in the western world arise in the setting of established cirrhosis (Bruix & 
Sherman, 2005; Olsen et al., 2010; Sherman, 2011). The median survival of untreated HCC is 
in the order of 6-16 months. In view of the poor survival in the absence of therapy, strategies 
have been implemented to reduce the incidence of HCC through immunisation to prevent 
chronic HBV infection and screening of high-risk groups (i.e. those with cirrhosis). Despite 
these approaches, we are still faced with an escalation in the number of cases and 
requirement for treatment (El-Serag & Mason, 1999; Bruix & Sherman, 2005; Llovet et al., 
2005; Mathers & Loncar, 2006; Llovet et al., 2008).  

Presently the treatment of choice for HCC is liver resection or orthotopic liver 
transplantation (OLT), either with or without adjunctive chemotherapy or non-surgical 
ablative therapy.  Liver resection is the treatment of choice for HCC in non-cirrhotic livers, 
and accounts for 5% of HCC cases in western countries and 40% of cases in non-western 
countries. Patients with well compensated cirrhosis and who do not have portal 
hypertension may also be considered for resection, provided that lesions are confined to the 
liver and enough “functional reserve” of liver is retained to ensure survival of the patient 
(Bruix & Sherman, 2005; Llovet et al., 2005). Currently, tumour size, number and vascular 
invasion are still the strongest predictors of survival with up to 70% of subjects surviving 
five years. Tumour recurrence complicates 70% of cases at five years, reflecting either 
intrahepatic metastases (true recurrences) or the development of de novo tumours (Llovet et 
al., 2005). Based on comparative genomic hybridisation, DNA fingerprinting using loss of 
heterozygosity assays, or DNA microarray studies, it is estimated that just over half of 
recurrences correspond to intrahepatic metastases undetected by the time of resection, 
whereas less than half are de novo HCCs (Chen et al., 2000; Finkelstein et al., 2003; Ng et al., 
2003). OLT is indicated in individuals who fulfil the “Milan criteria”: patients with a single 
HCC of up to five centimetres in size or up to three nodules not larger than three 
centimetres each. Strict adherence to these criteria results in 5-year survival of up to 70% 
with recurrence rates usually less than 15%(Bismuth et al., 1993; Mazzaferro et al., 1996; 
Llovet et al., 2005; Mazzaferro et al., 2009). 

5.2 Pathogenesis of HCC: The emerging role of LPCs and CSCs  

The activation and proliferation of LPCs during chronic liver injury is associated with an 
inflammatory response that involves activation of resident and recruited inflammatory cells 
(Fig. 4). These inflammatory cells initiate tissue regeneration by promoting the removal of 
cellular debris and by stimulating LPCs to proliferate through release of mitogenic growth 
factors and cytokines (Lowes et al., 2003; Knight et al., 2005). Whilst LPCs play an important 
role in normal liver repair processes, dysregulation of their proliferation and differentiation 
has been linked to fibrogenesis and carcinogenesis (Lowes et al., 1999; Clouston et al., 2005; 
Knight et al., 2008; Ruddell et al., 2009; Tirnitz-Parker et al., 2010). Clear demonstration of a 
role for LPCs, and possibly CSCs, in HCC development was reported by Shachaf and 
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colleagues (Shachaf et al., 2004). Inactivation of the Myc oncogene was sufficient to induce 
sustained regression of invasive HCC in a murine model. Tumour cells differentiated into 
hepatocytes and biliary epithelial cells. This process was associated with rapid loss of 
expression of the tumour marker α-fetoprotein, increase in expression of liver cell markers 
CK8 and carcinoembryonic antigen, and in some cells the biliary LPC marker CK19. Many 
of the “reverted” tumour cells remained dormant as long as Myc remained inactivated; 
however, Myc reactivation immediately restored their neoplastic features. Using array 
comparative genomic hybridisation, Shachaf and coworkers confirmed that the dormant 
liver cells and the restored tumour retained the identical molecular signature and hence 
were clonally derived from the tumour cells. Thus, tumours have pluripotent capacity to 
differentiate into normal cellular lineages and tissue structures, while retaining their latent 
potential to become cancerous  

Several other studies have confirmed a LPC phenotype in a substantial number of HCCs. 
Detailed immunophenotyping revealed that 28–50% of HCCs express markers of LPCs, such 
as CK7 and CK19. Histologically, these tumours consist of cells that have an intermediate 
phenotype between LPCs and mature hepatocytes. Furthermore, HCCs that express both 
hepatocyte and biliary cell markers such as albumin, CK7 and CK19, carry a significantly 
poorer prognosis and higher recurrence after surgical resection and liver transplantation 
(Roskams, 2006; Yao & Mishra, 2009). The “precursor-product” relationship between LPCs, 
CSCs and HCC is further strengthened by the observation that 55% of small dysplastic foci, 
which represent the earliest premalignant lesions, are comprised of LPCs and intermediate 
hepatocytes (Weinstein et al., 2001). Finally, inhibition of the LPC response to liver injury 
using a broad range of pharmacological therapies such as interferon alpha 2b (Lim et al., 
2006), COX-II inhibitors (Davies et al., 2006), or tyrosine kinase inhibitors (Knight et al., 2008) 
is associated with a reduction in the severity of hepatic fibrosis and incidence of HCC. These 
observations provide more evidence in support of a critical role for LPCs and CSCs in the 
carcinogenic process. Collectively these studies suggest that anti-inflammatory agents may 
be useful therapeutically in reducing the incidence of liver cancer among patients with 
chronic liver pathologies. 

 

 
Fig. 4. Co-regulation of inflammatory response and LPC proliferation in hepatitis C patients. 
Haematoxylin and eosin (H&E) staining of a liver section from a hepatitis C virus-infected 
patient demonstrates disrupted liver architecture through infiltration and proliferation of 
small basophilic cells as well as steatotic changes in hepatocytes (A). Staining for the 
common leukocyte marker CD45 (B) and the biliary LPC marker CKpan (C) suggests  
co-regulation of the inflammatory response with the Ductular Reaction. 
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6. Conclusion 
The cellular target of transformation leading to HCC is currently undefined.  Potential 
candidates include the hepatocyte and the LPC and they need not be mutually exclusive. 
However, there is substantial circumstantial as well as some direct evidence implicating 
LPCs. This view would also be compatible with the increasingly popular theory of the stem 
cell basis of cancer. In the context of HCC, a variety of animal models, which induce chronic 
liver injury ultimately produce liver cancers and most of these pathologies display increased 
proliferation of LPCs. To conform to current views on carcinogenesis i.e. it is a rare event 
that affects a few cells and there are multiple stages in the process, it is necessary to 
hypothesise that a minority of LPCs are tumorigenic and that these have incurred the early 
genetic alterations that have initiated their progression to cancer.  The challenge for future 
strategies to treat liver cancer is to identify these initiated LPCs and to show their direct link 
to HCC. This should be followed up with studies to elucidate progressive changes at the 
molecular level, which govern their behaviour and to exploit their vulnerability. Such 
knowledge will facilitate better diagnosis as well as treatment and prevention of HCC. 
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6. Conclusion 
The cellular target of transformation leading to HCC is currently undefined.  Potential 
candidates include the hepatocyte and the LPC and they need not be mutually exclusive. 
However, there is substantial circumstantial as well as some direct evidence implicating 
LPCs. This view would also be compatible with the increasingly popular theory of the stem 
cell basis of cancer. In the context of HCC, a variety of animal models, which induce chronic 
liver injury ultimately produce liver cancers and most of these pathologies display increased 
proliferation of LPCs. To conform to current views on carcinogenesis i.e. it is a rare event 
that affects a few cells and there are multiple stages in the process, it is necessary to 
hypothesise that a minority of LPCs are tumorigenic and that these have incurred the early 
genetic alterations that have initiated their progression to cancer.  The challenge for future 
strategies to treat liver cancer is to identify these initiated LPCs and to show their direct link 
to HCC. This should be followed up with studies to elucidate progressive changes at the 
molecular level, which govern their behaviour and to exploit their vulnerability. Such 
knowledge will facilitate better diagnosis as well as treatment and prevention of HCC. 
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1. Introduction 
The liver has a tremendous capacity to regenerate at all developmental stages (for reviews, 
see (1-3)). Liver cell mass can be restored even after repeated partial hepatectomies as well 
as after toxic injury. The contribution of stem cells to these processes is still under debate. 
Adult liver cells have been shown to regenerate liver tissue repeatedly when transplanted 
serially (4). However, hepatocytes cannot be considered stem cells because they are 
unipotent (for a glossary of terms, see Table 1). This chapter describes various liver 
progenitors that have been found by different researchers in humans and other mammalian 
species. Intra and extra-hepatic progenitors are discussed that can give rise to liver lineages. 
Intra-hepatic progenitors of non-hepatic lineages, such as endothelial or hematopoietic 
restricted progenitors, are not discussed. Although the focus of this chapter is on 
progenitors that have been characterized in normal, non-pathological conditions of the liver, 
oval cells will be described briefly. 
 

Term Description 
Totipotent Capable to give rise to cells of all three embryonic germ layers (i.e.

endoderm, mesoderm and ectoderm) as well as extra-embryonic
tissue of the placenta.  

Pluripotent Capable to give rise to cells of all three embryonic germ layers (i.e.
endoderm, mesoderm and ectoderm) but not to extra-embryonic
tissue. Most commonly used e.g. for embryonic stem cells, which
derive from the inner cell mass of the blastocyst. 

Multipotent Capable to give rise to multiple but not all lineages. For example,
bone marrow mesenchymal stem cells are considered
multipotent. 

Bipotent Able to give rise to two fates. In liver, hepatoblasts are considered
bipotential as they can develop into biliary and hepatic lineages. 

Unipotent Able to give rise to only one cell type. Hepatocytes are considered
unipotential.  

Progenitor Broad term to describe various types of precursors with different
potential. 
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Term Description 
Stem cell Cell, which is capable to differentiate into multiple lineages and is

also able of self-renewal. 
Hepatoblast Hepatic parenchymal cell of the fetal liver. Defined by its

expression of immature protein alpha-fetoprotein and absence of
several mature hepatic functions and proteins. 

Hepatocyte Hepatic parenchymal cell of the adult liver. In non-pathological
conditions defined by its expression of mature functions and
proteins, such as albumin and cytochrome P450 enzymes, and the
absence of immature proteins such as alpha-fetoprotein. 

Oval cell Small cells with oval-shaped nuclei that emerge in livers, which
have been treated with certain toxins. 

Table 1. Common terminology relevant to liver progenitor biology. Further details can be 
found also in (5, 6). 

2. Embryonic liver development 
During embryonic development, the liver arises from the definitive endoderm (for reviews 
on liver development, see (7-9)). The definitive endoderm is an embryonic layer, whereas 
visceral endoderm is a non-embryonic derived layer, also called extra-embryonic endoderm. 
The definitive endoderm is one of the three germ layers, which include also ectoderm and 
mesoderm. The definitive endoderm is initially located beneath the ectoderm and 
mesoderm. In the mouse, the definitive endoderm layer forms a liver bud between E8.5 and 
E9.5. This layer will also form the pancreas, lung, stomach, intestine, and thyroid. The 
cardiac mesoderm and septum transversum mesenchyme release signals, such as fibroblast 
growth factors (FGF) and bone morphogenetic proteins (BMP), which are necessary to 
induce liver specification. The septum transversum mesenchyme has been implicated to 
give rise to stellate cells (also called Ito cells), which are fat and vitamin A-storing and 
extracellular matrix producing liver cells (10); cells positive for the Lim-homeobox gene 
(Lhx2) migrate from the septum transversum into the forming liver bud and become desmin 
and Lhx2 positive stellate cells. Cells in the developing liver bud are termed hepatoblasts 
and express alpha-fetoprotein (AFP). Hepatoblasts have been described as bipotential 
progenitors, developing into mature hepatocytes as well as bile duct epithelial cells 
(cholangiocytes), based on findings from ex vivo and in vitro studies (11-15). Suppression of 
transcription factor CCAAT-enhancer-binding protein alpha (CEBPα) has been suggested to 
induce their specification towards biliary differentiation (16, 17). 

3. Human hepatic progenitors in fetal and adult livers 
Different hepatic progenitors in human livers have been described. Based on early findings 
in developmental biology, hepatic stem cells were originally defined as AFP positive 
hepatoblasts. More recent research, however, reveals that hepatic stem cells are AFP 
negative and are the precursors to hepatoblasts (12, 18). Furthermore, stem cells of assumed 
mesendodermal origin capable of multilineage differentiation towards liver- and 
mesenchymal lineages have been discovered (19). An overview about human hepatic 
progenitors that have been isolated and characterized is given in Table 2. 
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Publication Develop-
mental stage 
of liver 
tissue 

Presumable 
lineage 

Term used by 
authors 

Isolation 
method 

Phenotype In vivo 
model for 
repopula-
tion 

In vitro 
characteristics 

Najimi et al. 
2007 (20), 
Khuu et al. 
2011 (21) 

Adult 

M
es

en
ch

ym
al

 

Adult derived 
human liver 
stem/ 
progenitor cell 
(ADHLSCs) 

Culture  Positive: CD90, 
CD73, CD29, 
CD44, CD13, 
HLA-class I. 
Weak: CD49e, 
CD49b, CD49f. 
Negative: 
CD105, CD133, 
CD117, CD45, 
CD34,  
HLA-DR 
 

uPA+/+-
SCID with 
and 
without 
70% 
hepatectomy 

Hepatic 
functions after 
induced 
differentiation 

Dan et al. 
2006 (19)  

Fetal 

M
es

en
do

de
rm

al
 

Human fetal 
liver 
multipotent 
progenitor 
cells 
(hFLMPC) 

Culture  Positive: CD34, 
CD90, CD117, 
CD326, c-met, 
SSEA4, CK18, 
CK19, CD44h, 
vimentin. 
Negative: 
CD133, CD45, 
AFP, albumin 
 

Rag2-/- γ-/- 
retrorsine/
CCl4 

Long-term 
culture, ~46h 
PDT, 
multipotent 

Herrera et al. 
2006 (22) 

Adult Human liver 
stem cells 
(HLSCs) 

Culture  Positive: 
Albumin, AFP, 
CD29, CD73, 
CD44, CD90, 
vimentin, 
nestin. Weak: 
CK8, CK18. 
Negative: 
CD34, CD45, 
CD117, CD133, 
CK19. 
 

SCID, N-
acetyl-p-
aminophen 

Multipotent, 
high expansion 
potential, ~36h 
PDT 

Schmelzer  
et al. 2006, 
2007 (12, 18) 

Fetal (16-20 
weeks of 
gestation), 
neonatal, 
pediatric, 
adult 

En
do

de
rm

al
 

 

Human 
hepatic stem 
cells (hHpSC)

MACS, 
culture 

Positive: 
CD326, CD133, 
CD56, E-
cadherin, 
CD29, CD44h, 
claudin3, 
CK19. Weak: 
albumin. 
Negative: AFP. 

NOD/SCID Long-term 
culture, >150 
population 
doublings, 
precursors of 
hepatoblasts 

Malhi et al. 
2002 (23) 

Fetal Human fetal 
liver 
progenitor/ 
stem cells 

Culture Positive: AFP, 
GGT, CK8, 
CK19, CD34 

SCID CCl4 Long-term 
culture 
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progenitors that have been isolated and characterized is given in Table 2. 
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Publication Develop-
mental stage 
of liver 
tissue 

Presumable 
lineage 

Term used by 
authors 

Isolation 
method 

Phenotype In vivo 
model for 
repopula-
tion 

In vitro 
characteristics 

Najimi et al. 
2007 (20), 
Khuu et al. 
2011 (21) 

Adult 

M
es

en
ch

ym
al

 

Adult derived 
human liver 
stem/ 
progenitor cell 
(ADHLSCs) 

Culture  Positive: CD90, 
CD73, CD29, 
CD44, CD13, 
HLA-class I. 
Weak: CD49e, 
CD49b, CD49f. 
Negative: 
CD105, CD133, 
CD117, CD45, 
CD34,  
HLA-DR 
 

uPA+/+-
SCID with 
and 
without 
70% 
hepatectomy 

Hepatic 
functions after 
induced 
differentiation 

Dan et al. 
2006 (19)  

Fetal 

M
es

en
do

de
rm

al
 

Human fetal 
liver 
multipotent 
progenitor 
cells 
(hFLMPC) 

Culture  Positive: CD34, 
CD90, CD117, 
CD326, c-met, 
SSEA4, CK18, 
CK19, CD44h, 
vimentin. 
Negative: 
CD133, CD45, 
AFP, albumin 
 

Rag2-/- γ-/- 
retrorsine/
CCl4 

Long-term 
culture, ~46h 
PDT, 
multipotent 

Herrera et al. 
2006 (22) 

Adult Human liver 
stem cells 
(HLSCs) 

Culture  Positive: 
Albumin, AFP, 
CD29, CD73, 
CD44, CD90, 
vimentin, 
nestin. Weak: 
CK8, CK18. 
Negative: 
CD34, CD45, 
CD117, CD133, 
CK19. 
 

SCID, N-
acetyl-p-
aminophen 

Multipotent, 
high expansion 
potential, ~36h 
PDT 

Schmelzer  
et al. 2006, 
2007 (12, 18) 

Fetal (16-20 
weeks of 
gestation), 
neonatal, 
pediatric, 
adult 

En
do

de
rm

al
 

 

Human 
hepatic stem 
cells (hHpSC)

MACS, 
culture 

Positive: 
CD326, CD133, 
CD56, E-
cadherin, 
CD29, CD44h, 
claudin3, 
CK19. Weak: 
albumin. 
Negative: AFP. 

NOD/SCID Long-term 
culture, >150 
population 
doublings, 
precursors of 
hepatoblasts 

Malhi et al. 
2002 (23) 

Fetal Human fetal 
liver 
progenitor/ 
stem cells 

Culture Positive: AFP, 
GGT, CK8, 
CK19, CD34 

SCID CCl4 Long-term 
culture 
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Publication Develop-
mental stage 
of liver 
tissue 

Presumable 
lineage 

Term used by 
authors 

Isolation 
method 

Phenotype In vivo 
model for 
repopula-
tion 

In vitro 
characteristics 

Schmelzer 
et al. 2006, 
2007 (12, 18) 

Fetal (16-20 
weeks of 
gestation) 

Human 
hepatoblasts 

MACS, 
culture 

Positive: AFP. 
Variable: 
CD326 

NOD/SCID Can arise from 
hHpSC 
colonies in 
culture 

Abbreviations: AFP: alpha-fetoprotein; CCl4: Carbon tetrachloride; CD: cluster of differentiation;  
CK: cytokeratin; GGT: γ-glutamyl transpeptidase; HLA: human leukocyte antigen; NOD: non-obese 
diabetic; SCID: severe-combined immunodeficient; MACS: magnetic activated cells sorting;  
PDT: population doubling time; uPA: urokinase-type plasminogen activator. 

Table 2. Progenitors with hepatic potential isolated from human livers. Details are given in 
the respective sections. 

3.1 Human liver multipotent progenitors 

Dan et al. isolated liver stem cells co-expressing endodermal and mesenchymal phenotypes 
from human fetal liver by culture selection on feeder cells (19). These cells could 
differentiate not only into hepatocytes and bile duct cells, but also into fat, bone, cartilage, 
and endothelial cells. Because of their multilineage differentiation potential, these cells were 
termed human fetal liver multipotent progenitor cells (hFLMPC). The in vivo percentage of 
this progenitor was not given, as these cells were isolated by culture selection. Cell surface 
and intracellular markers included: CD34, CD90, CD117, CD326 (also called epithelial cell 
adhesion molecule (EpCAM)), c-met, SSEA4, CK18, CK19, CD44h, and vimentin. Cells were 
negative for albumin, CD133, CD45, and AFP. They could be cultured monoclonal and long-
term for up to 100 population doublings. Cells had population doubling times of 46h. Early 
and late passages demonstrated identical morphology, differentiation potential, and 
telomere length. Cultured cells formed typical clusters with cells having a high nuclear to 
cytoplasm ratio. The morphology of these clusters resembled hepatic stem cells colonies 
described by Schmelzer et al. (12). When transplanted into immunotolerant Rag2-/- γ-/- mice 
(using a modified retrorsine/carbon tetra-chloride model), human-specific albumin in 
mouse serum and human-specific albumin in sections of the liver could be detected. Liver 
sections of transplanted mice demonstrated clusters of human hepatocytes. A repopulation 
of 0.8–1.7% was estimated. The multipotential differentiation potential and resemblance to 
hepatic stem cell colonies suggests that hFLMPC represent mesendodermal precursors of 
hepatic stem cells.     

Herrera et al. isolated a similar population from human adult livers (22) using culture 
selection. These cells also expressed hepatic and mesenchymal markers. Cell surface and 
intracellular markers included albumin, AFP, CD29, CD73, CD44, CD90, vimentin and 
nestin; however, there was a negative expression of CD34, CD45, CD117, CD133, and CK19, 
and a weakly positive expression of CK8 and CK18. The cells were different from those 
described by Dan et al., as albumin and AFP expression could be observed and 
hematopoietic markers CD34 and CD117 were absent. In vitro, progenitors differentiated not 
only into hepatocytes, but also into osteogenic, endothelial, and islet-like, insulin-producing 
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structures. Adipogenic differentiation could not be induced. As these cells were culture-
selected, percentages of their in vivo occurrence were not established. Cells in vitro 
demonstrated exponential growth rates. When transplanted, human cells could be localized 
in vivo within the liver parenchyma of severe-combined immunodeficient (SCID) mice 
treated with N-acetyl-p-aminophen. 

Mesenchymal progenitors isolated from adult human livers were investigated for their 
potential to differentiate into hepatocytes (20, 21). Mesenchymal-like cells were obtained by 
selective culture (not sorting) of total liver cells. FACS analyses of cultured cells revealed a 
phenotype similar to mesenchymal stem cells with positive expression for CD90, CD73, 
CD29, CD44, CD13, and HLA-class I, but negative expression for CD105, CD133, CD117, 
CD45, CD34, and HLA-DR; cells were weakly positive for CD49e and CD49b, and only a 
minor fraction expressed CD49f. When cells were intrasplenically transplanted into uPA+/+-
SCID mice, human albumin and AFP positive cells could be observed and human albumin 
secretion was detected. When transplanted into SCID mice with and without 70% 
hepatectomy, human albumin gene expression could be measured in mice livers that had 
undergone hepatectomy, and human albumin positive cells could be detected in mouse liver 
sections in both models. Potential fusion events were not analyzed. When cells were 
induced to hepatic lineages in vitro (21), hepatic functions were increased compared to non-
induced controls, but lower than those of freshly isolated adult liver cells. 

3.2 Hepatic stem cells in the human liver 

Hepatic stem cells can be isolated from fetal, neonatal, pediatric, and adult human livers 
with identical characteristics (12, 18), as described by Schmelzer et al. Cell surface and 
intracellular markers include CD326, CD133, CD56, E-cadherin, CD29, Patched (24), claudin 
3 (18), CK19, and show weak positivity for albumin. Cells are negative for AFP, CD45, 
CD34, CD38, CD14, CD90, CD235a, VEGFr, vWF, CD31, CD146, desmin, ASMA, transferrin, 
connexins, PEPCK, DPP4, CYP450; CD117 is variably expressed. Sonic and Indian 
Hedgehog signaling pathway components are expressed (24). Stem cells could be selected 
by MACS sorting as well as under selective culture conditions, which included serum-free 
medium and culture on plastic. Under these culture conditions, hepatic stem cell colonies 
formed. These colonies (Figure 1) exhibit a typical epithelial morphology of densely packed, 
small cells with high nucleus-to-cytoplasm ratio. Stem cell colonies are positive for CD326 
(Figure 2), CD44h, CD56, and weakly express albumin, but are negative for AFP.  

Cells were capable of self-renewal, as shown by clonogenic expansion for more than 150 
population doublings. 0.5 – 2.5% of all liver cells from all ages were positive for CD326 
expression. Hepatic stem cells have a small diameter of about 9 μm. In vivo, they are located 
in the ductal plates in fetal and neonatal livers and in the Canals of Hering in pediatric and 
adult livers. The Canal of Hering has been previously described as the reservoir of stem cells 
in postnatal livers (25, 26). Carpentier et al. recently studied lineage tracing by using a Cre 
recombinase Sox9 mouse model and confirmed that ductal plate cells give rise to 
cholangiocytes, periportal hepatocytes, and adult liver progenitor cells (27). Furuyama et al. 
(28) demonstrated that adult intestinal cells, hepatocytes and pancreatic acinar cells are 
physiologically supplied from Sox9-expressing progenitors using Cre-based lineage tracing 
in mice. In CCl4 mediated liver injury, Sox9-positive progenitors contributed to liver 
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Publication Develop-
mental stage 
of liver 
tissue 

Presumable 
lineage 

Term used by 
authors 

Isolation 
method 

Phenotype In vivo 
model for 
repopula-
tion 

In vitro 
characteristics 

Schmelzer 
et al. 2006, 
2007 (12, 18) 

Fetal (16-20 
weeks of 
gestation) 

Human 
hepatoblasts 

MACS, 
culture 

Positive: AFP. 
Variable: 
CD326 

NOD/SCID Can arise from 
hHpSC 
colonies in 
culture 

Abbreviations: AFP: alpha-fetoprotein; CCl4: Carbon tetrachloride; CD: cluster of differentiation;  
CK: cytokeratin; GGT: γ-glutamyl transpeptidase; HLA: human leukocyte antigen; NOD: non-obese 
diabetic; SCID: severe-combined immunodeficient; MACS: magnetic activated cells sorting;  
PDT: population doubling time; uPA: urokinase-type plasminogen activator. 

Table 2. Progenitors with hepatic potential isolated from human livers. Details are given in 
the respective sections. 

3.1 Human liver multipotent progenitors 

Dan et al. isolated liver stem cells co-expressing endodermal and mesenchymal phenotypes 
from human fetal liver by culture selection on feeder cells (19). These cells could 
differentiate not only into hepatocytes and bile duct cells, but also into fat, bone, cartilage, 
and endothelial cells. Because of their multilineage differentiation potential, these cells were 
termed human fetal liver multipotent progenitor cells (hFLMPC). The in vivo percentage of 
this progenitor was not given, as these cells were isolated by culture selection. Cell surface 
and intracellular markers included: CD34, CD90, CD117, CD326 (also called epithelial cell 
adhesion molecule (EpCAM)), c-met, SSEA4, CK18, CK19, CD44h, and vimentin. Cells were 
negative for albumin, CD133, CD45, and AFP. They could be cultured monoclonal and long-
term for up to 100 population doublings. Cells had population doubling times of 46h. Early 
and late passages demonstrated identical morphology, differentiation potential, and 
telomere length. Cultured cells formed typical clusters with cells having a high nuclear to 
cytoplasm ratio. The morphology of these clusters resembled hepatic stem cells colonies 
described by Schmelzer et al. (12). When transplanted into immunotolerant Rag2-/- γ-/- mice 
(using a modified retrorsine/carbon tetra-chloride model), human-specific albumin in 
mouse serum and human-specific albumin in sections of the liver could be detected. Liver 
sections of transplanted mice demonstrated clusters of human hepatocytes. A repopulation 
of 0.8–1.7% was estimated. The multipotential differentiation potential and resemblance to 
hepatic stem cell colonies suggests that hFLMPC represent mesendodermal precursors of 
hepatic stem cells.     

Herrera et al. isolated a similar population from human adult livers (22) using culture 
selection. These cells also expressed hepatic and mesenchymal markers. Cell surface and 
intracellular markers included albumin, AFP, CD29, CD73, CD44, CD90, vimentin and 
nestin; however, there was a negative expression of CD34, CD45, CD117, CD133, and CK19, 
and a weakly positive expression of CK8 and CK18. The cells were different from those 
described by Dan et al., as albumin and AFP expression could be observed and 
hematopoietic markers CD34 and CD117 were absent. In vitro, progenitors differentiated not 
only into hepatocytes, but also into osteogenic, endothelial, and islet-like, insulin-producing 
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structures. Adipogenic differentiation could not be induced. As these cells were culture-
selected, percentages of their in vivo occurrence were not established. Cells in vitro 
demonstrated exponential growth rates. When transplanted, human cells could be localized 
in vivo within the liver parenchyma of severe-combined immunodeficient (SCID) mice 
treated with N-acetyl-p-aminophen. 

Mesenchymal progenitors isolated from adult human livers were investigated for their 
potential to differentiate into hepatocytes (20, 21). Mesenchymal-like cells were obtained by 
selective culture (not sorting) of total liver cells. FACS analyses of cultured cells revealed a 
phenotype similar to mesenchymal stem cells with positive expression for CD90, CD73, 
CD29, CD44, CD13, and HLA-class I, but negative expression for CD105, CD133, CD117, 
CD45, CD34, and HLA-DR; cells were weakly positive for CD49e and CD49b, and only a 
minor fraction expressed CD49f. When cells were intrasplenically transplanted into uPA+/+-
SCID mice, human albumin and AFP positive cells could be observed and human albumin 
secretion was detected. When transplanted into SCID mice with and without 70% 
hepatectomy, human albumin gene expression could be measured in mice livers that had 
undergone hepatectomy, and human albumin positive cells could be detected in mouse liver 
sections in both models. Potential fusion events were not analyzed. When cells were 
induced to hepatic lineages in vitro (21), hepatic functions were increased compared to non-
induced controls, but lower than those of freshly isolated adult liver cells. 

3.2 Hepatic stem cells in the human liver 

Hepatic stem cells can be isolated from fetal, neonatal, pediatric, and adult human livers 
with identical characteristics (12, 18), as described by Schmelzer et al. Cell surface and 
intracellular markers include CD326, CD133, CD56, E-cadherin, CD29, Patched (24), claudin 
3 (18), CK19, and show weak positivity for albumin. Cells are negative for AFP, CD45, 
CD34, CD38, CD14, CD90, CD235a, VEGFr, vWF, CD31, CD146, desmin, ASMA, transferrin, 
connexins, PEPCK, DPP4, CYP450; CD117 is variably expressed. Sonic and Indian 
Hedgehog signaling pathway components are expressed (24). Stem cells could be selected 
by MACS sorting as well as under selective culture conditions, which included serum-free 
medium and culture on plastic. Under these culture conditions, hepatic stem cell colonies 
formed. These colonies (Figure 1) exhibit a typical epithelial morphology of densely packed, 
small cells with high nucleus-to-cytoplasm ratio. Stem cell colonies are positive for CD326 
(Figure 2), CD44h, CD56, and weakly express albumin, but are negative for AFP.  

Cells were capable of self-renewal, as shown by clonogenic expansion for more than 150 
population doublings. 0.5 – 2.5% of all liver cells from all ages were positive for CD326 
expression. Hepatic stem cells have a small diameter of about 9 μm. In vivo, they are located 
in the ductal plates in fetal and neonatal livers and in the Canals of Hering in pediatric and 
adult livers. The Canal of Hering has been previously described as the reservoir of stem cells 
in postnatal livers (25, 26). Carpentier et al. recently studied lineage tracing by using a Cre 
recombinase Sox9 mouse model and confirmed that ductal plate cells give rise to 
cholangiocytes, periportal hepatocytes, and adult liver progenitor cells (27). Furuyama et al. 
(28) demonstrated that adult intestinal cells, hepatocytes and pancreatic acinar cells are 
physiologically supplied from Sox9-expressing progenitors using Cre-based lineage tracing 
in mice. In CCl4 mediated liver injury, Sox9-positive progenitors contributed to liver 
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regeneration. Hepatic stem cells have been shown to differentiate into biliary and 
hepatocytic lineages in vivo and in vitro (12). Freshly isolated cells or stem cells expanded in 
culture developed into mature liver tissue expressing human-specific proteins when 
transplanted into NOD/SCID mice, and lost their expression of stem cell marker CD326, 
CD133, and CK19. Whether those cells also possess multilineage differentiation potential 
beyond endodermal fates, i.e. mesodermal or ectodermal, has not yet been investigated. 
Khan et al. transplanted human fetal liver derived CD326+ sorted progenitors into patients 
with liver fibrosis (29). Patients demonstrated improvements in clinical and biochemical 
parameters and a decrease in mean MELD (model for end-stage liver disease) score at six-
month follow-up. 

 
Fig. 1. Human hepatic stem cell colony in culture, established from fetal liver cell 
suspensions as described in (12); phase contrast microscopy (A), and fluorescence 
microscopy (B) of proliferating cells with positive nuclei for incorporated thymidine analog 
bromodeoxyuridine (B-I) and corresponding total nuclei stained with 4',6-diamidino-2-
phenylindole (B-II). 

3.3 Hepatoblasts in human liver 

Hepatoblasts are the main parenchymal cell type of the fetal liver and are defined by their 
expression of AFP. AFP positive cells are rare in normal adult livers, except in livers with 
severe injury or disease (30-32) (for review, see (33)). Hepatoblasts can give rise to 
hepatocytes and cholangiocytes, and are therefore also named bipotential progenitors (15). 
AFP-negative hepatic stem cells are the precursors to hepatoblasts that can mature into AFP-
positive hepatoblasts (12). Human fetal hepatoblasts could be cultured long-term and 
clonally, and contributed to liver parenchyma when transplanted into SCID mice (23). 
Hepatoblasts express biliary and hepatocyte markers such as CK19, CK14, gamma glutamyl 
transpeptidase, glucose-6-phosphatase, glycogen, albumin, AFP, E-cadherin (34), α-1 
microglobulin, HepPar1, glutamate dehydrogenase, and dipeptidyl peptidase IV (15, 18). 
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Human hepatoblasts do not express the mesenchymal or hematopoietic markers CD90, 
vimentin, and CD34 (34). In mice, hepatoblasts express the surface marker Dlk-1 (35-37), 
which was subsequently demonstrated to be expressed by human fetal hepatoblasts as well 
(34). Mouse fetal liver cells sorted for Dlk-1 can be cultured long-term; transplantation of 
Dlk-1 positive cells into the spleen gives rise to hepatocytes in the liver. Several signaling 
pathways and transcription factors contribute towards differentiation into either cell type. In 
mice, Notch signaling controls differentiation towards biliary epithelium by upregulation of 
HNF1β but downregulation of HNF1α, HNF4, and C/EBPα (38), and, in turn, suppression 
of C/EBPα expression in periportal hepatoblasts is suggested to induce biliary epithelial 
differentiation by increasing HNF6 and HNF1β expression (17). 

 
Fig. 2. Human hepatic stem cell colonies established as described in (12) are positive for 
CD326 (A). Fluorescence microscopy for the transmembrane glycoprotein CD326 (also 
named epithelial cell adhesion molecule (EpCAM)) in (A), and corresponding nuclei stained 
with 4',6-diamidino-2-phenylindole in (B). 

4. Murine and rat hepatic progenitors in the fetal and adult liver 
Various surface markers have been applied to identify hepatic stem or progenitor 
populations in rodents. 

Germain et al. described the bipotential capacity of fetal rat liver cells to differentiate into 
hepatic and biliary cells in vitro (39), as did Kubota et al. using clonal cultures (40). Small 
hepatocytes were detected in non-parenchymal fractions of adult rat liver cells (41-44). 
These small hepatocytes produced colonies that expressed hepatic and biliary markers. A 
similar type of colony could be obtained when adult liver cell clusters were placed into 
culture (45). Suzuki et al. sorted progenitor populations from fetal mice and rat livers with a 
phenotype of c-met+, CD49f+, CD117-, CD45-, and TER119- (46-50). Sorted cells developed 
into albumin and glycogen positive cells when transplanted into retrorsine-treated adult rats 
that had undergone two-third partial hepatectomy. Cells negative for c-met or positive for 
CD45 could not repopulate recipient livers. These progenitors could be also cultured 
clonally. Feng et al. (51) demonstrated that these cells could also undergo pancreatic 
differentiation in culture as well as in vivo when transplanted into alloxan-induced diabetic 
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regeneration. Hepatic stem cells have been shown to differentiate into biliary and 
hepatocytic lineages in vivo and in vitro (12). Freshly isolated cells or stem cells expanded in 
culture developed into mature liver tissue expressing human-specific proteins when 
transplanted into NOD/SCID mice, and lost their expression of stem cell marker CD326, 
CD133, and CK19. Whether those cells also possess multilineage differentiation potential 
beyond endodermal fates, i.e. mesodermal or ectodermal, has not yet been investigated. 
Khan et al. transplanted human fetal liver derived CD326+ sorted progenitors into patients 
with liver fibrosis (29). Patients demonstrated improvements in clinical and biochemical 
parameters and a decrease in mean MELD (model for end-stage liver disease) score at six-
month follow-up. 

 
Fig. 1. Human hepatic stem cell colony in culture, established from fetal liver cell 
suspensions as described in (12); phase contrast microscopy (A), and fluorescence 
microscopy (B) of proliferating cells with positive nuclei for incorporated thymidine analog 
bromodeoxyuridine (B-I) and corresponding total nuclei stained with 4',6-diamidino-2-
phenylindole (B-II). 

3.3 Hepatoblasts in human liver 

Hepatoblasts are the main parenchymal cell type of the fetal liver and are defined by their 
expression of AFP. AFP positive cells are rare in normal adult livers, except in livers with 
severe injury or disease (30-32) (for review, see (33)). Hepatoblasts can give rise to 
hepatocytes and cholangiocytes, and are therefore also named bipotential progenitors (15). 
AFP-negative hepatic stem cells are the precursors to hepatoblasts that can mature into AFP-
positive hepatoblasts (12). Human fetal hepatoblasts could be cultured long-term and 
clonally, and contributed to liver parenchyma when transplanted into SCID mice (23). 
Hepatoblasts express biliary and hepatocyte markers such as CK19, CK14, gamma glutamyl 
transpeptidase, glucose-6-phosphatase, glycogen, albumin, AFP, E-cadherin (34), α-1 
microglobulin, HepPar1, glutamate dehydrogenase, and dipeptidyl peptidase IV (15, 18). 
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Human hepatoblasts do not express the mesenchymal or hematopoietic markers CD90, 
vimentin, and CD34 (34). In mice, hepatoblasts express the surface marker Dlk-1 (35-37), 
which was subsequently demonstrated to be expressed by human fetal hepatoblasts as well 
(34). Mouse fetal liver cells sorted for Dlk-1 can be cultured long-term; transplantation of 
Dlk-1 positive cells into the spleen gives rise to hepatocytes in the liver. Several signaling 
pathways and transcription factors contribute towards differentiation into either cell type. In 
mice, Notch signaling controls differentiation towards biliary epithelium by upregulation of 
HNF1β but downregulation of HNF1α, HNF4, and C/EBPα (38), and, in turn, suppression 
of C/EBPα expression in periportal hepatoblasts is suggested to induce biliary epithelial 
differentiation by increasing HNF6 and HNF1β expression (17). 

 
Fig. 2. Human hepatic stem cell colonies established as described in (12) are positive for 
CD326 (A). Fluorescence microscopy for the transmembrane glycoprotein CD326 (also 
named epithelial cell adhesion molecule (EpCAM)) in (A), and corresponding nuclei stained 
with 4',6-diamidino-2-phenylindole in (B). 

4. Murine and rat hepatic progenitors in the fetal and adult liver 
Various surface markers have been applied to identify hepatic stem or progenitor 
populations in rodents. 

Germain et al. described the bipotential capacity of fetal rat liver cells to differentiate into 
hepatic and biliary cells in vitro (39), as did Kubota et al. using clonal cultures (40). Small 
hepatocytes were detected in non-parenchymal fractions of adult rat liver cells (41-44). 
These small hepatocytes produced colonies that expressed hepatic and biliary markers. A 
similar type of colony could be obtained when adult liver cell clusters were placed into 
culture (45). Suzuki et al. sorted progenitor populations from fetal mice and rat livers with a 
phenotype of c-met+, CD49f+, CD117-, CD45-, and TER119- (46-50). Sorted cells developed 
into albumin and glycogen positive cells when transplanted into retrorsine-treated adult rats 
that had undergone two-third partial hepatectomy. Cells negative for c-met or positive for 
CD45 could not repopulate recipient livers. These progenitors could be also cultured 
clonally. Feng et al. (51) demonstrated that these cells could also undergo pancreatic 
differentiation in culture as well as in vivo when transplanted into alloxan-induced diabetic 
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mice. Similarly, Nierhoff et al. (35) demonstrated that fetal mouse liver epithelial cells 
positive for AFP or E-cadherin did not express hematopoietic stem cell markers CD34, 
CD117, Ter119, or CD45, but were positive for progenitor markers Sca-1 and Pan-
cytokeratin. Both E-cadherin positive sorted as well as unsorted fetal liver cell fractions from 
wild type mice gave rise to liver parenchyma when transplanted into retrorsine treated 
DPPIV-/- mice.  

As described for human hepatoblasts above, mouse fetal liver hepatoblasts have been 
shown to express the surface marker Dlk-1 (35-37). Dlk-1 positive sorted mouse fetal liver 
cells can be cultured long-term and, when transplanted into the spleen, give rise to 
hepatocytes in the liver. Dabeva et al. (52) described the re-population potential of wild type 
fetal rat liver cells when transplanted into DPPIV-/- rat models. These models included 
knockouts that had undergone two-third partial hepatectomy and were either treated with 
retrorsine or not. In rats treated with retrorsine, which blocked proliferation of endogenous 
hepatocytes, mainly bipotential, transplanted progenitors were observed expressing AFP, 
albumin, and CK19. In non-treated rats, transplanted cells expressed mainly either 
hepatocytic or biliary markers. 

The positive expression of aldehyde dehydrogenase (ALDH) has been used as a feature to 
select progenitors from adult mouse liver (53). ALDH+ cells were shown to have stem cell 
characteristics and to express markers of human hepatic stem cells such as CD326, CK19, 
CD133, and Sox9. 

Various hepatic progenitor cell lines have been developed from normal, genetically 
modified, or toxin treated rodents (54-62). Several of these lines were described as 
bipotential in vitro or when transplanted in vivo.  

5. Oval cells  
Oval cells were first described in rodents, emerging when the liver is exposed to certain 
toxins (for review, see (63)) (64). Termed “oval cells” because of their oval shaped nucleus, 
these small cells have a diameter of less than 10 μm. They are located near the portal triads 
and expand in the livers of animals exposed to oncogenic insults. The term “oval cells” 
frequently refers to liver stem cells or progenitors. However, oval cells can be distinguished 
from normal hepatic progenitors phenotypically and in their growth regulatory 
requirements (65). Several protocols have been shown to lead to the emergence of oval cells: 
administration of 2-acetylamino fluorine or dipin in combination with partial hepatectomy; 
administration of carbon tetrachloride, 3-methyl-diaminobenzidine, galactosamine, furane, 
or 3,5-diethoxycarbonyl-1,4-dihydrocollidine; etluonine addition to a choline-deficient diet; 
or transgenic albumin-urokinase-type plasminogen-activator mice. 

Oval cells were described as positive for several surface and intracellular markers (including 
hematopoietic and mesenchymal markers not found on normal epithelial hepatic stem cells) 
such as CD34 (66), CD117 (67), AFP, CK14, CK19 (68), GGT, OC.2, OV-6, and CD90 (69). 
CD90, however, was subsequently demonstrated to be expressed not by oval cells but by 
myofibroblasts (70). 

Some primary liver tumors are suggested to emerge from oval cells (71).  

 
Hepatic Progenitors of the Liver and Extra-Hepatic Tissues 51 

6. Hepatic progenitors found in various mammalian species 
Few data have been published on hepatic progenitors from species other than human or 
rodent. In general, pigs are used as an animal model closely resembling human physiology 
and metabolic functions. This makes the pig model more favorable than the rodent model. 
However, this model is scarcely used due to obvious constraints in keeping animals. Kano et 
al. (72, 73) investigated hepatic progenitors isolated by culture selection from non-
parenchymal liver cell suspensions of six-seven months old pigs. Cell clusters in culture 
were positive for the hepatic markers AFP, albumin, transferrin, CK18, CK7, and c-met, but 
did they not express biliary markers such as gamma-glutamyltransferase, CK19, and CK14, 
although they were positive for oval cell marker OV6. Duct-like structures emerged from 
clusters expressing biliary epithelial markers. Clonal cell growth could be established (74). 
Comparable cells could be obtained (75) by isolating small liver cells from pigs that had 
undergone partial hepatectomy. In addition to the hepatic markers albumin and AFP, these 
cells also expressed biliary marker CK19 and were positive for OV6. In culture, cells were 
positive for stem-cell factor, CD117, CD90, AFP, CK19, and OV6. Fetal porcine liver cells 
were used to establish colonies of pluripotent progenitors (76, 77). 

7. Extra-hepatic sources of potential liver progenitors 
Several extra-hepatic sources have been described to harbor progenitors able to differentiate 
into hepatic lineages in vitro and in vivo. It is widely debated whether cells of extra-hepatic 
origin are able to differentiate into hepatic cell types or if they fuse with the recipient’s liver 
cells when transplanted. Tissue sources include bone marrow, adipose tissue, umbilical 
cord, and peripheral blood. Hepatic differentiation potentials of embryonic stem cells (ESC), 
placenta derived stem cells, or induced pluripotent stem cells (iPS cells) are not discussed 
here; further literature can be found in reviews (78-82).  

Bone marrow cells or bone marrow derived hematopoietic stem cells have been suggested to 
be able to trans-differentiate into hepatic lineages. Petersen et al. performed initial 
experiments with cross-strain and cross-sex bone marrow and liver transplantations in rats 
(83). When male bone marrow was transplanted into female recipients and liver damage 
was induced, Y-chromosome positive cells could be detected in the female livers. Also, 
when male dipeptidyl peptidase (DPPIV) positive bone marrow was transplanted into 
female DPPIV negative recipients and liver damage was induced, DPPIV positive cells 
could be detected in the female livers. A further approach included transplantations of 
major histocompatibility complex class II L21-6 isozyme negative whole livers into positive 
enzyme expressing rats; after induction of liver damage, positive enzyme expressing cells 
could be detected. Alison et al. (84) investigated human female livers from patients who had 
received male bone marrow transplants. Y-chromosome positive cells that co-expressed CK8 
were detected in the female livers. About 0.5 – 2% of all livers cells were Y-chromosome 
positive. Theise et al. described further in vivo experiments on the possible contribution of 
bone marrow cells towards hepatic lineages in mice (85) and humans (86). Whole bone 
marrow cells or CD34+lin- sorted cells from male mice were transplanted into female 
recipients; up to 2.2% (bone marrow) or about 0.7% (CD34+lin-) Y-chromosome positive cells 
could be detected within the female livers. In human patients who had undergone cross-sex 
bone marrow transplantation, Y-chromosome positive cells could be observed in female 
livers. 4 – 43% of cholangiocytes and 4 – 38% of hepatocytes were positive for Y-
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mice. Similarly, Nierhoff et al. (35) demonstrated that fetal mouse liver epithelial cells 
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cells can be cultured long-term and, when transplanted into the spleen, give rise to 
hepatocytes in the liver. Dabeva et al. (52) described the re-population potential of wild type 
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clusters expressing biliary epithelial markers. Clonal cell growth could be established (74). 
Comparable cells could be obtained (75) by isolating small liver cells from pigs that had 
undergone partial hepatectomy. In addition to the hepatic markers albumin and AFP, these 
cells also expressed biliary marker CK19 and were positive for OV6. In culture, cells were 
positive for stem-cell factor, CD117, CD90, AFP, CK19, and OV6. Fetal porcine liver cells 
were used to establish colonies of pluripotent progenitors (76, 77). 

7. Extra-hepatic sources of potential liver progenitors 
Several extra-hepatic sources have been described to harbor progenitors able to differentiate 
into hepatic lineages in vitro and in vivo. It is widely debated whether cells of extra-hepatic 
origin are able to differentiate into hepatic cell types or if they fuse with the recipient’s liver 
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here; further literature can be found in reviews (78-82).  
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was induced, Y-chromosome positive cells could be detected in the female livers. Also, 
when male dipeptidyl peptidase (DPPIV) positive bone marrow was transplanted into 
female DPPIV negative recipients and liver damage was induced, DPPIV positive cells 
could be detected in the female livers. A further approach included transplantations of 
major histocompatibility complex class II L21-6 isozyme negative whole livers into positive 
enzyme expressing rats; after induction of liver damage, positive enzyme expressing cells 
could be detected. Alison et al. (84) investigated human female livers from patients who had 
received male bone marrow transplants. Y-chromosome positive cells that co-expressed CK8 
were detected in the female livers. About 0.5 – 2% of all livers cells were Y-chromosome 
positive. Theise et al. described further in vivo experiments on the possible contribution of 
bone marrow cells towards hepatic lineages in mice (85) and humans (86). Whole bone 
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bone marrow transplantation, Y-chromosome positive cells could be observed in female 
livers. 4 – 43% of cholangiocytes and 4 – 38% of hepatocytes were positive for Y-
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chromosome. Lagasse et al. (87) intravenously injected adult wild type bone marrow cells in 
FAH–/– mice, an animal model of tyrosinemia type I. The mice were rescued and 
biochemical functions were regained. Only purified hematopoietic stem cells gave rise to 
donor-derived hematopoietic and hepatic regeneration from total bone marrow cells. 
However, subsequently published studies revealed that the majority of those liver cells, 
which were assumed to be donor derived differentiated bone marrow cells, are instead 
rather the product of donor cells fusing with host liver cells (88, 89). Other studies 
demonstrated bone marrow cells contributed nothing or very little to liver lineages in vivo 
(90-92). Jang et al. (93) and Harris et al. (94) could show, however, that a minor percentage 
(up to 0.1%) of bone marrow cells can contribute to liver cells in vivo without fusion. Most 
evidence to date indicates that only a minority of the observed trans-differentiation events is 
actually due to differentiation of bone marrow cells into liver lineages and the majority of 
observed trans-differentiated cells are indeed fusion events. 

Similar to the findings of the above described in vivo studies, in vitro studies of the hepatic 
differentiation potential of hematopoietic stem cells produced contradicting findings (95-99). 
Overall, results from in vitro studies suggest that bone marrow hematopoietic stem cells can 
differentiate only barely, if at all, into hepatic lineages. 

Mesenchymal stem cells (MSCs), which have similar characteristics, have been isolated from 
various tissue sources; MSCs from sources such as bone marrow (100-105), skin (106), 
umbilical cord  (107, 108) and adipose tissues (109-115) have been analyzed for the potential 
to differentiate towards hepatic lineages in vitro and in vivo. MSC markers from various 
tissues show similar surface marker expression profiles, described first as classical MSC 
markers by Pittenger et al (116), which were CD29, CD44, CD71, CD90, CD106, CD120a, and 
CD124. Culture selected clonal bone marrow derived MSCs expressed mesenchymal cell-
specific markers (e.g. CD13, CD29, CD44, and CD90), and were negative for hematopoietic 
markers such as CD3, CD14, CD34, and CD45 (100). When transplanted in SCID mice, non-
fused human cells could be detected in the liver. Adipose tissue derived stem cells were 
described to differentiate into hepatic lineages (109-115). Adipose tissue derived MSCs were 
characterized to potentially express CD9, CD13, CD29, CD44, CD49d, CD54, CD73, CD90, 
CD105, CD146, CD166, osteopontin and osteonectin, and to be negative for hematopoietic 
and endothelial markers such as CD45, CD34 and CD31. Marker expressions and hepatic 
potential are further summarized in current reviews (117, 118). In general, most in vivo 
transplantation studies using MSCs did not exclude donor cell fusion with host cells. Only 
one study (Aurich et al. (112)) demonstrated the integration of non-fused human adipose 
MSCs in the livers of mice that had undergone combined toxin induced liver damage and 
hepatectomy.  

Lee et al. (119) transplanted green fluorescent protein mouse gallbladder epithelial cells into 
non-fluorescent SCID mice that had undergone retrorsine treatment and either partial 
hepatectomy before transplantation or carbon tetrachloride treatment following 
transplantation. Within one to four months after transplantation, green fluorescent protein 
positive cells could be detected within the recipient mice. These cells expressed mostly 
biliary markers, but cells positive for hepatic markers could be detected as well. 

Zhao et al. isolated hematopoietic stem cells from peripheral blood (120) and demonstrated 
their in vitro multilineage differentiation potential; treatment of cultures with HGF induced 
cells to acquire a round or oval-like flattened morphology. Most of the cells were positive 
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for intracellular albumin and AFP expression; some cells demonstrated CK7 expression. Sun 
et al. (121) showed that human umbilical blood cells integrated into livers of rat chimeras,  
and these cells were positive for human hematopoietic, biliary, and hepatic proteins. Crema 
et al. isolated CD133+ cord blood cells (122). Transplantation into liver-damaged SCID mice 
resulted in clusters of human-derived cells expressing human leucocyte antigen-class I, 
HepPar1, and OV6 antigens. Within these clusters, human albumin, AFP, and CK19 could 
be detected. Human umbilical blood cells demonstrated in vitro hepatocyte-like 
differentiation and expression of hepatic proteins when transplanted in rodents with 
induced liver damage (107, 123, 124).  

Conclusively, it appears that extra-hepatic progenitors integrate into the liver only to a very 
minor percentage and only when severe liver damage is induced. The majority of these 
events appear to be due to fusion and not differentiation. The observed improvements of 
liver functions by mesenchymal cells could be attributed to their secretion of growth factors 
and cytokines and immunosuppressive properties (111, 125-127). 

8. Conclusion 
Although there is still some debate about the detailed characteristics that identify hepatic 
progenitors, much progress has been achieved during recent years in defining, isolating, 
characterizing, and transplanting various types of progenitors. This is especially the case for 
hepatic progenitors isolated from human livers. Hepatic progenitors represent a population 
with potential advantages over total liver cell suspensions or hepatocytes for cell 
transplantation in patients (29, 128), for review see (129). Because of their high proliferation 
and differentiation potential a major advantage for transplantation of stem cells over total 
liver cell suspensions would be the requirement for less cell numbers to inject, which would 
decrease the risks associated with transplanting high cell numbers. In addition, because of 
their proliferation and differentiation potential, progenitors could be used in applications 
such as extracorporeal liver support systems (130, 131), and may be used as an alternative 
cell source in pharmacological screening models. Cultures of progenitors also provide an 
easy in vitro tool to study principles of developmental biology. 
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1. Introduction 
Although no lipids were considered to be present inside the nuclear membrane (Berg, 1951), 
their presence in chromatin was first demonstrated cytochemically by Chayen et al (1957) in 
Vicia faba root apices and liver nuclei. Sphingomyelin was further demonstrated 
biochemically to represent some 7% of isolated calf thymus nucleohistone preparations 
(Chayen and Gahan, 1958), the presence of sphingomyelin being confirmed by X-ray 
diffraction studies (Wilkins M. H. F, personal communication). Nevertheless, the lipids and 
carbohydrate present in the nuclei were considered to be minor components, most of them 
being due to contamination during chromatin separation (Tata et al.1972). In contrast, some 
biochemical measurements showed the presence of neutral lipids (Song and Rebel 1987) and 
phospholipids in nuclei and chromosomes from a large variety of tissues (Chayen et al 1959, 
a, b, Gahan 1965a). The criticism linked to possible contamination cannot be applied to the 
cytochemical evidence that showed the presence of chromatin-associated phospholipid 
material in a broad range of tissues (Idelman 1957, 1958a,b, Chayen et al. 1959a,b, La Cour et 
al. 1958, Gahan 1965a,b, Cave and Gahan 1971, Gahan et al. 1974, Gahan et al. 1987, Viola-
Magni et al. 1985a). In a combined autoradiographic and biochemical analysis, it was shown 
that H3 -ethalomine incorporated into Vicia faba root nuclei was localised at the level of 
chromatin and nucleoli rather than at the level of the nuclear membrane. Hepatocyte nuclei 
treated with Triton and hypotonic solutions liberate chromatin that contains 10% of the total 
nuclear lipids. The composition of fatty acids demonstrated an enrichment of palmitic acid 
and a reduction in arachidonic acid (Albi et al. 1994) thus supporting the idea that these 
lipids cannot be derived from the nuclear membrane. In addition, the chromatographic 
separation of phospholipids has demonstrated an enrichment of both sphingomyelin and 
phosphatidylserine with respect to the nuclear membrane composition (Albi et al. 1994). The 
data were also confirmed by studying the turnover of phospholipids at the level of the 
microsomes, nuclear membrane and chromatin from hepatocytes (Viola-Magni et al. 1986). 
In rats injected with radioactive phosphorus, the peak of incorporation was observed after 6 
h in microsomes and nuclear membranes, but only after 9h in the chromatin. This confirmed 
a lack of possible chromatin contamination.  

A clear demonstration was obtained by labelling the fatty acids of the nuclear membrane by 
radio-iodination. Hepatocyte nuclei were separated and then radio-iodinated; the chromatin 
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lipids cannot be derived from the nuclear membrane. In addition, the chromatographic 
separation of phospholipids has demonstrated an enrichment of both sphingomyelin and 
phosphatidylserine with respect to the nuclear membrane composition (Albi et al. 1994). The 
data were also confirmed by studying the turnover of phospholipids at the level of the 
microsomes, nuclear membrane and chromatin from hepatocytes (Viola-Magni et al. 1986). 
In rats injected with radioactive phosphorus, the peak of incorporation was observed after 6 
h in microsomes and nuclear membranes, but only after 9h in the chromatin. This confirmed 
a lack of possible chromatin contamination.  

A clear demonstration was obtained by labelling the fatty acids of the nuclear membrane by 
radio-iodination. Hepatocyte nuclei were separated and then radio-iodinated; the chromatin 
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extracted from them was unlabelled, whereas all the label present in the nuclei was 
recovered from the nuclear membrane fraction. Radio-iodination of isolated chromatin 
showed the presence of label thus confirming the presence of lipids. (Albi et al.1994). 

The presence of nuclear phospholipids was also demonstrated in a large variety of tissues 
including tumour cells (Splanger et al. 1975, Upreti et al. 1983). 

Cocco et al. (1988) demonstrated the presence of phosphoinositides which may act as 
nuclear signals through the generation of DAG (diacylglycerol) due to specific 
phospholipase activity (D' Santos et al. 1998, Cocco et al. 2001, Martelli et al. 2001, Irvine 
2003). The presence of neutral lipids was demonstrated by Song and Rebel (1987) and of 
cholesterol (CHO) by Albi and Viola-Magni (2002). The presence in chromatin of the 
enzymes sphingomyelinase (SMase), sphingomyelin synthase (SMsynthase), phospholipases 
of phosphatidylcholine (PC) and phosphatidylinositol (PI) and sphingomyelin reverse 
synthase associated demonstrated the existence of a metabolic cycle for such phospholipids. 
(Albi and Viola-Magni 2004, Albi 2011). 

There is evidence for the presence of a phospholipid-calcium-dependent protein kinase C 
(PKC) in nuclei together with the enzymes involved with phospholipid turnover (Alessenko 
and Burlakova (2002). Protein kinase C interacts with the nuclear phosphoinositol and 
sphingomyelin cycle products. This fact implies the possibility that signal transduction 
events could also occur at the nuclear level during the induction of cell proliferation, 
differentiation and apoptosis.  

In this review, it is intended to consider the composition of the lipids present in chromatin, 
the enzymes associated with the metabolism of these lipids, their possible roles in normal 
hepatocytes, the cell cycle and regenerating liver. 

2. Composition of the chromatin associated phospholipids in normal v 
regenerating liver 
After 70% hepatectomy, the liver first regenerates the hepatocytes prior to regenerating the 
other cell types. The first peak of new hepatocytes is observed after 24 h in 30 day-old rats 
with a second peak occurring after 36 h. The other cell types, including Kupffer cells and 
endothelial cells, blood vessels and others, proliferate on the third day (Bresnick 1971). 

The synthesis of  phospholipids was studied after partial hepatectomy (Viola-Magni et al. 1985 
b) in the both hepatocyte nuclei and chromatin. The whole nuclei showed an increase in 
phospholipid synthesis after six hours reaching a peak at 12 h, after which, a constant level 
was maintained until 48 h. The synthesis of phospholipids in the chromatin increased at 12h to 
reach a peak at 18h, which level remained until 24 h. This was followed by a peak at 30 h, a 
timing that marks the end of the first proliferation peak and the start of the second wave of 
mitosis (Viola-Magni et al, 1985b). It is to be noted that DNA synthesis starts at 12h after 
partial hepatectomy to reach a maximum at about 24h (Viola-Magni 1985b). This shows that 
the initiation of both DNA and phospholipid synthesis are occurring at about the same time. 

Since the second peak of DNA synthesis starts at 30 h, the end of the DNA synthesis of the 
first peak and the initiation of the second happens at the same time as the consequencial 
peak of lipids observed is the algebraic summation of the two events. 
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The single phospholipids behave differently during hepatocyte regeneration after partial 
hepatectomy. 

Chromatin phospholipids represent about 10% of the total nuclear lipids (Viola-Magni et al, 
1985a) of which sphingomeylin represents some 35% of all nuclear phospholipids (Albi et al, 
1994). During liver regeneration, a decrease is observed in the amount of SM at the 
beginning of S-phase (Albi and Viola-Magni 1997a) followed by an increase at the end of S-
phase. The approximate remaining amounts of phospholipids in the nucleus are 
phosphatidylethanolamine (PE) 10%, PI 19%, phosphatidylserine (PS) 22% and PC 14% 
(Albi et al. 1994). 

3. Roles of individual phospholipids 
3.1 SM behaviour 

It has been hypothesized that SM may have a role in stabilising the DNA molecule. The 
decrease of SM at the start of the S phase may be associated with the unwinding of the DNA 
helix and the increase of SM at the end of S-phase may be linked to the rewinding of the 
DNA helix. A similar behaviour of SM was also observed in other models by different 
authors (Stillman 1996, Alessenko and Chatterjee 1995). 

3.2 PS behaviour 

PS is also one the PLs present in a higher amount in chromatin with respect to the level seen 
in the nuclear membrane. PS increases when DNA synthesis starts during liver 
regeneration. A possible role for PS in the chromatin may be the stimulation of DNA 
polymerase as has been shown in vitro by Manzoli et al. (1981).  

3.3 PC behaviour   

This PL is mostly present in the nuclear membrane with only a small amount in the 
chromatin. The chromatin PC has a different composition to that of the microsomal fraction 
in that it contains many unsaturated forms of the monoenic fraction with respect to the 
microsomal PC that was enriched with tetraene and exaene fractions (Albi et al. 1994). 

The chromatin PC does not present a particular modification during liver regeneration except 
that DAG, a product of PC, increases at 12  h hand 30  h in parallel with the initiation of the 
two waves of proliferating activity when DNA synthesis starts (Viola-Magni et al.1985b). 

3.4 PE behaviour   

Although PE represents 22% of the total PL present in chromatin, its behaviour is similar to 
that of SM. However, no precise indication as to its role(s) in liver regeneration has been 
observed. 

3.5 PI behaviour 

PI represents 19% of the PLs present in chromatin (Viola-Magni et al. 1985a, Albi et al. 1994). 
No specific variations in the amounts of PI have been described during liver regeneration 
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although it may have a role through its degradation enzymes by producing DAG (Albi et al. 
2003a). 

4. Phospholipid-associated enzymes 
4.1 Sphingomyelinase  

Sphingolmyelinase was first demonstrated in chromatin by Albi and Viola Magni (1997a). 
This enzyme is well known as a lysosomal enzyme in the acid form and as a cytoplasmic 
enzyme in the neutral form (Slife et al. 1989). It is present in many tissues e.g. hepatocytes, 
the nervous system and various cell cultures.  

The hydrolysis of SM by SMAse results in the production of ceramide that has many 
physiological functions. This reaction is stimulated by many factors including interferon, 
(Kim et al. 1991), interleukin1 (Ballou et al. 1992), 1-25 OH vitamin D (Okasaki et al. 1989, 
1990) and TNF (Dressler et al. 1992, Jayadev et al. 1994). Ceramide can be further hydrolysed 
to sphingosine that inhibits the protein kinase C present in the hepatocyte nuclei. 

The enzyme was evaluated in both the nuclear membrane and chromatin fractions isolated 
from the hepatocytes. The enzyme activity reached a maximum at pH 7.6 in the nuclear 
membrane fraction and at pH 8.4 in the chromatin fraction. The reactions versus protein 
content show linear reactions for each enzyme up to 400 mg protein. In contrast, the 
reactions versus time showed that the nuclear membrane enzyme rose linearly from zero 
time whilst the chromatin enzyme remained low until 90 minutes when it rose sharply to 
reach its maximum value. The Km of the nuclear membrane enzyme is 3.9 x 10-4 M and that 
of the chromatin enzyme is 2.4 x 10-5 M implying that the nuclear membrane enzyme is 
more similar to that of the plasma membrane. In contrast, the chromatin enzyme appears to 
be similar to that present in the microsomal fraction.. The specific activity is 9.12 nmoles/10 
minutes for the nuclear membrane SMase and 1.39 nmoles /90 minutes for the chromatin 
SMase (Albi and Viola-Magni 1997a, Table 1).  

Generally, the production of ceramides results in a block at G0/G1 in the cell cycle (Riboni 
et al. 1992; Gomez-Munoz et al. 1995). However, the increased ceramide levels at 12 h after 
partial hepatectomy coincide with the start of DNA synthesis. Given the differences 
between the SMases present in the nuclear membrane and chromatin fractions, it is possible 
to hypothesis that the two enzymes are different and that the enzyme present in the 
chromatin may play a different role to that of the nuclear membrane and so may not 
necessarily result in a G0/G1 block. 

4.2 Sphingomyelin synthase 

The synthesis of sphingomyelin may be obtained through two pathways: 

The first involves the reaction between CDP- choline and N-acylsphingosine (Scribney and 
Kennedy 1958) whilst the second consists of phosphocholine transfer from lecithin to 
ceramide. This reaction is catalysed by the enzyme phosphatidylcholine:ceramide 
phosphocholine transferase or sphingomyelin synthase (Diringer et al.1972). SM synthase 
was found, initially in the microsomes of kidney, lung, liver, spleen and heart (Ullman et al. 
1974). Its subcellular localisation is in the Golgi apparatus (Jeckel et al. 1990; Futeman et al. 
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1990) from which it can be transported to the plasma membrane by vesicular flow (Koval 
and Pagano 1991;.van Meer and Burger 1992). 

The evaluation of SM synthase activity in the nuclear membrane and chromatin fractions 
showed this enzyme to have different characteristics for each fraction. In the nuclear 
membrane the optimum pH was 7.6 whereas in the chromatin it was pH 8.4.  

The Km was 1.68 x 10-4 and 3.59 x10-5 for the nuclear membrane and chromatin fractions, 
respectively. SM synthase activity was 770 pmol/mg protein/min (Vmax 1.1nmol/mg 
protein/min) in the nuclear membrane and 288 pmol/mg protein/min (Vmax 297 pmol/mg 
protein/min) in the chromatin. These characteristics exclude a possible contamination by 
the cytoplasmic structures since the specific activity is higher both in nuclear membrane and 
in the chromatin with respect to that found in the whole homogenate (Albi and Viola-Magni 
1999a, Table 1). 

The presence of this enzyme, together with SMase, can help to explain the possible 
variations in chromatin SM content as observed during liver regeneration. 

4.3 Reverse sphingomyelin-synthase 

This enzyme utilises SM as a source of phosphorylcholine and is one of the mechanisms 
involved in PC synthesis. Other mechanisms for the biosynthesis of PC are the Kennedy 
pathway (Kent 1990), phosphatidylethanolamine methylation (Stetten 1941), lyso-PC-
acylation (Marinetti et al. 1958) and base- exchange from phophatidylserine (Bijerve 1971). 

It is difficult to suppose that PC will be synthesized in the cytoplasm and transferred to the 
nuclei since the PC modifications observed occur in a very short time. The base- exchange 
component was demonstrated in the nucleus (Albi and Viola-Magni 1997b). The presence of 
reverse SM-synthase may favour a more rapid exchange of PC by using DAG and 
phosphorylcholine derived from SM. 

The presence of this enzyme was demonstrated both in the nuclear membrane and in the 
isolated chromatin (Albi et al. 2003a). The activity found in the whole homogenate was 0.93 
pmol/mg protein/min, in the cytosol 2.61 pmol/mg protein/min and in the nuclear 
membrane 0.87 pmol/mg protein/min. A higher level of activity was observed in the 
chromatin at 37.09 pmol/mg protein/min. The optimum pH was 8.4 as for the other 
chromatin enzymes probably because the maximum solubilisation of chromatin observed at 
this pH may favour enzyme activity expression. 

The reaction was linear with respect to both time and protein concentration. The activity 
was 9.5 pmol/mg protein/min when DAG was added and increased to 50 pmol/mg 
protein/min in the presence of SM. Equally, the Km values were 3.56 x 10-5 M for exogenous 
SM and 1.12 x 10-4 for exogenous DAG so obeying the Michaelis-Menten kinetics (Table 1). It 
is not clear at the moment if the SM-synthase and reverse -SM-synthase are the same 
enzyme or are two different enzymes. The ratio DAG/ceramide depends upon their 
activities and, therefore, it is necessary to take into account eventual differences (Table 1). 

The activity of SM-synthase was measured in the various sub-cellular fractions i.e. whole 
homogenate, cytosol, nuclear membrane and chromatin fractions. The ratio between SM-
synthase /reverse SM-synthase was also determined for these fractions. The higher ratio 
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value was observed in the nuclear membrane fraction of 885.05 indicating that the synthesis 
of PC may be due to an alternative enzymatic reaction. The SM-synthase activity in the 
chromatin fraction was only 7.49 higher with respect to the reverse SM-synthase with a 
consequently lower value for the DAG/ceramide ratio. 

4.4 Phosphorylcholine-dependent phospholipase C 

This enzyme hydrolyses PC to produce phosphorylcholine that may be used for SM 
synthesis and DAG that may control many cellular functions (Exton 1990).  

Phosphorylcholine-dependent phospholipase C has been determined in hepatocytes and 
especially in the nuclear membrane and chromatin fractions in which two different isoforms 
were demonstrated (Baldassarre et al. 1997). In fact the PC present in these two fractions 
differs in content and turnover (Viola-Magni et al. 1985b, 1986). Since other enzymes such as 
SMase and SM-synthase were demonstrated, the presence of additional enzymes may help 
to understand the nuclear DAG/ceramide ratio and how it may be involved in regulating 
different cellular functions such cell duplication, differentiation and apoptosis. Therefore, 
the hepatocyte nuclei were separated and the chromatin and nuclear membrane fractions 
extracted for the determination of the presence and activity of phosphorylcholine-
dependent phospholipase C. The enzyme activity in the nuclear membrane was 1.76 
nmol/mgprotein/min (Vmax 3.01 nmol/mg protein/min) whilst that in the chromatin 
fraction was 8.4 times lower (Vmax 0.22 nmol/mg protein/min). The phosphorylcholine-
dependent phospholipase C had a pH optimum of 7.6 in the nuclear membrane and 8.4 in 
the chromatin; its activity was linear during the first 45 min of incubation in the range from 
100 to 400mg protein. The enzyme activity followed regular Michaelis-Menten kinetics in 
both preparations the Km values being 2.46 x 10-4 M for the nuclear membrane fraction and 
7.8 3 x10-5 M for the chromatin fraction (Albi and Viola-Magni. 1999b, Table 1). 

This enzyme is Ca++ independent and, therefore, may stimulate protein kinase C present in 
the nuclei since there is no variation in the Ca++ concentration that may interfere with its 
activity (Buchner 1995). The existence of nuclear PKC forms has been shown in the liver 
(Rogue et al. 1990) and their function may be in maintaining DNA structure or favouring 
DNA synthesis and repair through the action on laminin B which is localised at the sites of 
DNA replication (Moir et al. 1994). 

4.5 Phosphatidylinositol-dependent phospholipase C  

The amount and turnover of phosphatidylinositol in the chromatin fraction were different 
with respect to those of the nuclear membrane fraction (Viola-Magni et al. 1986). This could 
be due to a different enzyme activity such as that of phosphatidylinositol-dependent 
phospholipase C since various enzyme isoforms exist that may be activated by different 
stimuli (Martelli et al. 2000, 2001, Santi et al. 2001). 

The activity of phosphatidylinositol-dependent-phospholipase C was determined in both 
the nuclear membrane and the chromatin fractions. Two peaks of pH were present in the 
nuclear membrane fraction, a first peak appearing at pH 7.6 followed by a second peak at 
pH 8.4-8 (Albi et al. 2003b). 

In contrast, the chromatin fraction showed only a small peak at pH 7.6 with a sharper peak 
at pH 8.6. 
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This behaviour indicates the presence of at least two different isoforms that are 
quantitatively different between the two fractions. The presence of two isoforms, beta1 in 
the chromatin and gamma1 in both the nuclear membrane and chromatin fractions, were 
demonstrated using specific antibodies coupled with electron microscopy (Neri et al. 1997). 
However, the delta1 isoform that is present in the cytoplasm was absent from the nuclei. 

The PI content in the nuclear membrane fraction was 15.2 µg/mg protein and 1.05 µg/mg 
protein in the chromatin fraction i.e. fifteen times less. The enzymatic activity evaluated 
under optimal conditions was 121.43 pmol/mg protein/min in the nuclear membrane 
fraction and 369.05 pmol/mg protein/min in the chromatin fraction i.e. more than three 
times higher in the chromatin with respect to nuclear membrane. The Km was 5.77x10-5M 
for the chromatin associated PI-PLC and 3.89.x10-3M for this enzyme associated with the 
nuclear membrane fraction having a Vmax of 3.3 nmol/mg protein/min and 0.034 
nmol/mg protein/min, respectively (Table 1). These results indicate a greater substrate 
affinity of the chromatin-associated enzyme. It has been demonstrated that this enzyme has 
a role in cell proliferation (Sun et al. 1997). 
 

Nuclear membranes Chromatin 

Enzymes pH Km Sp. activity pH Km Sp. activity 

SMase 7.6 3.9x10-4M 9.12 moles/10 
min 

8.4 2.4x10-5M 1.39 nmoles/90 m 

SM 
synthase 

7.6 1.68x10-4M 770 pmol/mg 
protein/min 

8.4 3.59x10-5M 288 pmol/mg 
protein/min 

Reverse SM 
synthase 

7.6 ------------- 0.87 pmol/mg 
protein/min 

8.4 * 3.56 x10-5M 37.09 pmol/mg 
protein/min **1.12 x10-4M

PC-PLC 7.6 2.46x10-4M 1.76nmol/mg 
protein/min 

8.4 7.83 x10-5M 21 pmol/mg 
protein/min 

PI-PLI 7.6,8.4-8.8 3.89x10-3M 121.43 pmol/mg 
protein/min 

7.6 – 8.6 5.77 x10-5M 369.05 pmol/mg 
protein/min 

*: V/SM substrate conc. 
**: V/DAG substrate conc. 

Table 1. Characteristic differences of nuclear membrane and chromatin PLs enzymes 

5. The roles of phospholipid-associated enzymes in normal hepatocytes 
The role of the phospholipid-associated enzymes present in the chromatin seems to be 
related to the control of a number of cell events through the balance between the levels of 
ceramide and DAG in the nucleus (Albi and Viola-Magni 2003c, Albi et al. 2008 ). When the 
ceramide increases, the SM synthase is stimulated to produce DAG. When there is an 
increase in DAG, reverse-SM-synthase is activated together with SMase to yield an 
increased production of ceramide in order to reach an equilibrium. It is possible that the 
increase in ceramide may favour the production of sphingosine that can act as a pro-
apoptotic stimulus. (Tsugane et al.1999). 
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This enzyme system may also be involved with gene expression by controlling the transfer 
of RNA to the cytoplasm. After enzymatic digestion with DNase and RNase, it was possible 
to isolate a complex containing a small amount of DNA, RNA, proteins and PLs. The RNA is 
RNase insensitive and behaves as double-stranded RNA. There are only two PLs invloved, 
namely, SM and PC (Albi et al. 1996; Micheli et al.1998). 

The enzymes SMase, SM synthase and reverse SM-synthase are present. If the complex is 
treated with SMase, the undigested RNA becomes RNase sensitive. Therefore, the presence 
of SM appears to protect the RNA from digestion. SMase aids the digestion by causing a 
decrease of SM that returns to the normal value through the activation of SM-synthase that 
exploits the PC derived from phosphorylcholine. The amount of PC may be restored 
through the activation of the enzyme reverse SM-synthase (Micheli et al. 1998).  

The products of PL metabolism may act also as internal signals by activating other nuclear 
proteins such as PKC or favouring the synthesis of polymerases through the presence of PS 
(Albi et al. 1991). 

6. The role of cholesterol 
Albi and Viola-Magni (2002) have demonstrated the presence of CHO in hepatocyte 
chromatin. Previous researchers have attributed many functions to CHO metabolism 
(Luskey 1988) and an increase in its concentration has been demonstrated in both cancer and 
proliferating cells (Rao 1986). In liver regeneration, the amount of chromatin CHO changes 
during the first 24 h. Two fractions were demonstrated in the chromatin fraction, one of 
which is a free fraction and the other that is only extractable after SMase or proteinase K 
digestion (Albi and Viola-Magni, 2002).  

After partial hepatectomy, the bound CHO increased reaching a peak after six hours 
whereas the free CHO reached a peak only after 18 h. This may be explained as being due to 
the increased SMase activity and to the block of SM synthesis which favours the 
transformation of the bound CHO fraction to the free fraction. 

At 24 h, SM synthase activity increased and the ratio between bound and free CHO returned 
to the normal value seen in the non-dividing hepatocytes. 

It was demonstrated that inhibition of the melavonate-CHO pathway with nitrogen 
bisphosphate arrested the cells in S-phase with a reduction in the expression of cdk2 and 
cdk4, whereas the expression of cdk21 increased (Reszka et al. 2001). The role of CHO in 
liver regeneration may be linked to the stimulation of the activities of cyclin-dependent 
kinases. In order to clarify this point the analysis of cyclin behaviour, especially that of A 
and B1, during liver regeneration may be of interest.  

7. The cell cycle  
7.1 The behaviour of cyclin A and B1 

Cyclin A is present in normal liver and in sham operated rats. During liver regeneration, the 
behaviour of cyclin A and B1 expression was analysed by Splewak &.Thorgeirsson (1997). 
They showed an increased amount of both cyclin A and B1 between 12 h and 22 h post 
hepatectomy when the hepatocytes entered the G1-S phase transition as shown by the ten-
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fold rise in the cyclin mRNA level, its level remaining high between 24 and 48 h and 
returning to the normal value only after 72 h. 

During S-phase, cyclin A is associated with p32cdk2 kinase, whereas during the transition 
G2-M it forms a complex with p34cdc2 (Pagano et al. 1992). 

The mRNA levels of cyclin B1 and p34cdc2 behave in a similar manner remaining low for 
the S-phase period and increasing only after 20 h to reach a peak at 26 h. This is followed by 
a decline at 34 h with a new peak forming between 38 h and 44 h. The two peaks correspond 
to the G2-M phases of the first wave and second waves of the hepatocyte cell cycle. 

The great majority of p34cdc2 is linked to cyclin B1 whereas only 25% is linked to cyclin A 
(Loyer et al. 1994). The presence of the phosphorylated form of cyclin A may represent an 
inactivation of this cyclin during the G2-M transition.  

7.2 Cell cycle regulation by chromatin-associated phospholipids (Table 2) 

The increase in chromatin-bound CHO during the first six hours activates the kinases with 
PS favouring DNA polymerase alpha synthesis and PIP. At 12 h post-hepatectomy a 
transient increase of DAG is due to the hydrolysis of PI followed the activation of the 
chromatin enzyme PI-PLC. 

The increase of DAG favours the translocation of PKC into the nucleus (Divecha et al. 1991). 
The synthesis of cyclin A increases as it complexes with p32cdk2 kinase. When the S-phase 
starts, a more consistent DAG peak is evident due to the hydrolysis of PC by the enzyme 
PC-PLC. At the same time, there is a decrease in SM due to the activation of SMase and 
consequently an increase in the free CHO present in the nucleus. 
 

hours Events 

6 increase of bound CHO, activation of PS, synthesis of DNA polymerase 

12 increase of DAG due to PI PLI, and then to PC-PLI nuclear translocation of protein 
kinase C 
Decrease of SM due to SMase, increase of free CHO which stimulates Cyclin A 
complex 

18 DNA synthesis starts, cyclin A complex activity increases, increase of SM due to 
the activity of SM synthase, decrease of free CHO fraction 

22 decrease of cyclin A activity, increase of cyclin B complex 

24 DNA synthesis peak 

26 cyclin B peak, cell transition from G2 to M 

34 decrease of cyclin B 

36 second peak of DNA synthesis 

38-44  second peak of cyclin B and end of second S-phase 

Table 2. Molecular events in relation to the time after hepatectomy 
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However, the complexing of cyclin A with p32cdk2 kinase increased up to 22h i.e. the end of 
S-phase. After 18h, SM synthase activity increased with the increase in SM reducing the 
CHO free fraction and hence the activity of cyclinA. 

Cyclin B complexing with p34cdc2 increased its activity so favouring the transition of G1-M 
phase. The phosphoinositides also decrease during S-phase leading to an inhibition of DNA 
synthesis through an increase in the activity of dephosphorylating enzymes (York and 
Majerus 1994). The small fraction of cyclin A complexed with p32 cdc2 is inactivated by 
phosphorylation, the cells progressing to G2-M (Splewak & Thorgeirsson 1997). The 
complex B-p34cdc2 also decreases followed by a second peak between 38-44 h post-
hepatectomy corresponding to the second mitotic peak. 

8. Conclusions 
Hepatic regeneration provides a good model for studying the mechanisms controlling cell 
proliferation and the ways in which they might be modified. This last aspect is very 
important in liver diseases and transplantation. 

It is well known that cell duplication is delayed after hepatectomy for 12 h in the rat and this 
is not due to the operation effect as shown by the sham operated rats in which this may only 
be justified for the first four hours. 

Much attention has been paid to the possible factors that may be activated during this 
period. Three hypotheses were made: the original one supposed that there was a single 
humoral factor, the second concerned the activation of a pathway involving many 
components and the more recent one, the activation of multiple pathways; the latter is the 
one most accepted today (Fausto 2006). 

The cytokine pathway is activated in the first phase of liver regeneration which stimulates 
quiescent hepatocytes, growth factors then override a restriction point in G1 the entrance 
into cycle being associated with Rb phosphorylation, increased expression of the Rb family 
member p 107 together with cyclins D, E and A that form cdk4/cyclin D and cdk2/ cyclin E 
complexes (Menjo et al. 1998, Albrect et al. 1998). 

The events preceding the entrance into the cell cycle were intensively studied , but less 
attention was dedicated to events inside the nuclei that favour the initiation of S-phase and 
G2/M transition. The presence of lipids in chromatin represents a component that appears 
essential for the two events. The activation of phospholipases causes a transient increase of 
DAG due to the hydrolysis of PLI followed by a more consistent peak due to the hydrolysis 
of PC. At the same time, the decrease in SM, due to an increase of activity of SMase, causes 
an increase in the free cholesterol fraction thus favouring DNA duplication. 

The cyclin A complex is activated in parallel and the cells progress to the S phase. 

When the S-phase is near completion, SM synthase increases the SM fraction and the 
cholesterol free fraction decreases. At the same time, cyclin B1 complex is activated thus 
favouring the cells’ transit from G2 to M. Therefore, it is clear that all external stimuli that 
may favour liver regeneration can act only through the modification of the chromatin 
components of which lipids seem to have an important role. They may be also independent 
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from external stimuli and may function as an internal balance. In fact, the increase in DAG 
due to PC hydrolysis stimulates SMase with the liberation of ceramide that may stimulate 
reverse sphingomyelin synthase to form new PC so favouring the liberation of DAG. On the 
other hand, the increase in SM reduces the ceramide present. 

This internal clock appears to control cell activity favouring proliferation, differentiation 
when the cells remain in Go or apoptosis when the ceramide present is transformed into 
sphingosine. 

It is clear from this that the role of phospholipids must be considered for a role in cell 
duplication regulation favouring the regeneration process in liver.  
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1. Introduction  
There are three major approaches for regenerative medicine. The most innovative approach 
among them is: induction of target cells from various stem cells such as induced pluripotent 
stem cells (iPS cells) or embryonic stem cells (ES cells) and implantation of them to 
regenerate the organ. The second approach is: in vitro tissue regeneration that involves 
preparation of artificial tissue by combining human cells with scaffolding biomaterials and 
growth factors. The third is: promotion of self-regeneration through controlling the repair 
activity of each tissue, which most organisms do naturally, is a more fundamental approach, 
but it will also be important in cell therapy to regulate tissue organization after induction of 
differentiation. 

Because tissue homeostasis depends on spatially and temporally controlled expression of 
multifunctional adhesive glycoproteins and receptors, many studies have examined the 
changes of expression of extracellular matrix (ECM) molecules during tissue remodeling, 
inflammation and invasion by cancer cells (DeClerck, Y.A., et al. 2004; Seiffert, D. 1997; Kato, 
S., et al. 1992; Hughes, R.C. 1997) on the one hand. On the other hand, there is increasing 
evidence that glycosylations post-translationally modulate various biological phenomena by 
altering the activity and specificity or the stability of glycoproteins through the biosignaling 
functions of oligosaccharides (Varki, A. 1993; Varki, A., et al., 2009). During tissue 
remodeling, the glycosylated ECM molecules are different from those of normal tissue 
owing to the changes in the expression of many proteins that are responsible for glycan 
synthesis (Dalziel, M., et al. 1999). However, the glycan modulation of most glycoproteins 
that are involved in tissue remodeling has remained unknown.  

When the three big lobes of a liver are excised, the remaining liver recovers its former mass 
and function within about two weeks in humans or 7 to 10 days in rats (Diehl, A.M. and Rai, 
R.M. 1996). ECM degradation occurs in the early stage of this process, followed by 
biosynthesis of the matrix, cell proliferation, and cell differentiation. During this process, 
many glycosyl transferases (Bauer, C.H., et al. 1976; Serafini-Cessi, F. 1977; Okamoto, Y., et 
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al. 1978; Ip, C. 1979; Oda-Tamai, S., et al. 1985; Miyoshi, E., et al. 1995) and total 
glycoconjugates in the liver have been reported to change (Okamoto, Y. and Akamatsu, N. 
1977; Kato, S. and Akamatsu, N. 1984; Kato, S. and Akamatsu, N. 1985; Ishii, I., et al. 1985). 
However, the nature of the links between such glycans changes, and the process of tissue 
remodeling has remained unclear. We consider it important to identify which molecules 
play important roles in the tissue remodeling during liver regeneration, and we will discuss 
the glycan modulation of one extracellular molecule, vitronectin, in this chapter. Vitronectin 
is a multifunctional adhesive glycoprotein that plays a central role in tissue remodeling by 
connecting pericellular tissue lysis with cell adhesion and motility. 

We found that the glycans of vitronectin drastically change during liver regeneration after 
partial hepatectomy. In our studies to determine the glycan structures during the initial 
stage of the liver regeneration after partial hepatectomy of rats, we found that alterations in 
glycosylation, especially decreased sialylation of vitronectin, modulate the biological 
activities of vitronectin during tissue-remodeling processes by multiple steps (Uchibori-
Iwaki, H., et al. 2000; Sano, K., et al. 2010). Liver regeneration is a normal repair process, 
while fibrosis and cirrhosis are considered to be excessive and abnormal repair processes 
that often give rise to cancer. In this context, elucidating how alterations of glycans occur 
and understanding how glycans modulate the glycans on vitronectin is useful in order to 
develop a strategy to regulate matrix remodeling in regeneration and deposition in liver 
cirrhosis. Therefore, we aimed to elucidate glycan modulation during liver regeneration 
after partial hepatectomy. We focused on the changes in vitronectin during liver 
regeneration, especially the changes of the glycan moiety, which plays a crucial role in 
controlling survival of hepatic stellate cells. 

1.1 Structure and function of vitronectin 

Vitronectin is a multifunctional adhesive glycoprotein that originates mainly in hepatocytes 
and circulates in the blood at high concentrations (0.2 mg/ml in human and no more than 
0.1 mg/ml in rats). Vitronectin was first isolated from human serum by Holmes in 1967 as 
an ‘α-1 protein’ (Holmes, R. 1967), and has been referred to as ‘serum spreading factor’, 
‘epibolin’, or ‘S-protein’. It induces cell growth in vitro and is known as a major cell-
adhesive component in cell culture mediums (Hayman, E.G., et al. 1983). Vitronectin is 
present as an ECM component in the liver, as well as various other organs, including 
skeletal muscle, kidney, and brain (Seiffert, D. 1997; Seiffert, D., et al. 1991). Most vitronectin 
in normal plasma is present as an inactive monomer form that does not bind to various 
ligands in the plasma (Gebb, C., et al. 1986; Izumi, M., et al. 1989). In vivo, vitronectin is 
activated in the presence of certain ligands such as heparin, type-1 plasminogen activator 
inhibitor (PAI-1), thrombin-AT-III, membrane attack complex of complements, and through 
a partial conformational change and multimerization process (Preissner, K.T. and Muller-
Berghaus, G. 1987). Tissue vitronectin is considered to be present as an active multimeric 
form. Conformation-dependent binding of vitronectin was also observed for sulfatide 
(Gal(3-SO4)β1-1ceramide), cholesterol 3-sulfate, and various phospholipids including 
phosphatidylserine, but not gangliosides, while vitronectin bound to cholesterol 3-sulfate 
regardless of its conformational state (Yoneda, A., et al. 1998). The binding of vitronectin to 
the membrane lipids and β-endorphin-binding activities were found to be attributable to 
hemopexin domain 2 and hemopexin domain 1, as well as type I collagen and heparin 
(Yoneda, A., et al. 1998). 
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The ligand-binding sites on the domain structure of vitronectins are shown in Fig. 1. 
Vitronectin regulates the proteolytic degradation of matrix and fibrinolysis through binding 
with urokinase-type plasminogen activator, PAI-1, and urokinase receptor (Seiffert, D. 1997; 
Schvartz, I., et al. 1999; Preissner, K.T. 1991; Pretzlaff, R.K., et al. 2000). Besides this function, 
vitronectin plays a key role in cell adhesion and cellular motility during tissue remodeling 
through binding to major ECM receptors, integrins such as αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, 
and other ECM components like collagen and proteoglycans (Schvartz, I., et al. 1999). In 
plasma, vitronectin has been shown to regulate coagulation and thrombolytic and 
complement systems (Preissner, K.T. 1991). By providing a link between plasmin-regulated 
matrix proteolysis and integrin-mediated cell migration, activated vitronectin is considered 
to play a central role in matrix remodeling.  

Fig. 1 also shows the glycosylation structures of vitronectins and ligand-binding sites. N-
glycosylation sites of vitronectins are well conserved among mammals, and vitronectin 
contains almost fully sialylated complex-type N-linked glycans at these sites. Most 
vitronectins, except normal human, additionally contain various amounts of O-linked 
glycans, which differ by species: bovine, rabbit, and especially chicken vitronectins possess 
more O-glycans than N-glycans. Human vitronectin does not contain O-glycans in the 
normal state, while rat vitronectin contain several O-glycans in the connecting region (Sano, 
K., et al. 2010).  

 
 

 
 
Fig. 1. Glycosylation and domain structure models of vitronectins. Human, rat/mouse, and 
porcine vitronectin contain three, four, and two N-glycosylation sites, respectively (Ogawa, 
H., Yoneda, A., et al. 1995) (Yoneda, A., Ogawa, H., et al. 1993) (Sano, K., Miyamoto, Y., et al. 
2010). The numbers of O-glycosylation sites differ by animal species. The major ligand-
binding sites that have been identified are indicated at the top of the figure (Yoneda, A., 
Ogawa, H., et al. 1998) (Preissner, K.T. 1991) (Preissner, K.T. and Seiffert, D. 1998).  
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2. Modulation of vitronectin activities by glycosylation 
De-N-glycosylation of plasma vitronectin by enzyme treatment significantly attenuated the 
cholesterol sulfate-binding activity while it increased the collagen-binding activity. De-O-
glycosylation or desialylation of vitronectin contributed to the stability for proteolysis 
(Uchibori, H., Ogawa, H., et al. 1992). These findings suggest that glycosylations modulate 
the ligand binding activities and the half-life of vitronectin in vivo. We prepared various 
recombinant domains of human vitronectin and mutants with certain domains deleted and 
expressed them separately in E. coli as fusion proteins. Using these recombinants, sulfatide-, 
phosphatidylserine-, cholesterol 3-sulfate-, type I collagen-, heparin-, and beta-endorphin-
binding activities were found to be attributable to hemopexin domains 2 and 1. The 
possibility was suggested that the presence of a somatomedin B domain and/or connecting 
region flanking hemopexin domain 1 inactivated its heparin binding. Further, it was 
indicated that some of the ligand binding activities were modulated by glycosylation of 
plasma vitronectin, which enables modulation of its biological activities by a change in 
glycosylation accompanying the physiological or pathological state of the liver.  

2.1 Changes in vitronectin during liver regeneration 

2.1.1 Changes in collagen-binding activity of plasma vitronectin during early stage of 
liver regeneration  

In this study, we used the liver regeneration of rats induced by two-thirds partial 
hepatectomy as a model system to study whether and how vitronectin plays a role in tissue 
remodeling after hepatectomy and how glycosylations are involved in the physiological 
processes. Vitronectin was purified from plasma at different times during the liver 
regeneration process and analyzed by SDS-PAGE (Uchibori-Iwaki, H., et al. 2000). As shown 
in Fig. 2A, each vitronectin showed one band on SDS-PAGE, and 24 h after partial 
hepatectomy (PH-VN) plasma vitronectin had shifted to a low migration position compared 
to vitronectins purified from plasma of non-operated (NO-VN) or partially hepatectomized 
rats and sham-operated rats (SH-VN), suggesting that the molecular mass of vitronectin had 
shrunk to 65 kDa at 24 h after partial hepatectomy from the 68-69 kDa of other vitronectins. 
At 24 h after operation, the yield of PH-VN had decreased to 1/3 that of sham-operated rats, 
and it was restored by 240 h, when liver regeneration was completed. At this time point, the 
amino acid composition did not change significantly, and the composition divergence 
(Black, J.A. and Harkins, R.N. 1977) of PH-VN was 0.040 when taking that of SH-VN as 0.0. 
All three vitronectins had the same N-terminal sequence, indicating that the three 
vitronectins had high homology among the primary sequence (Uchibori-Iwaki, H., et al. 
2000). 

As shown in Fig. 2B, the purified vitronectins bound to type I collagen by ELISA in a 
concentration-dependent manner, and PH-VN was found to exhibit much greater binding to 
collagen, about 3 times higher than that of SH-VN and NO-VN (Uchibori-Iwaki, H., et al. 
2000). The enhanced binding of PH-VN to immobilized collagen shown by ELISA was 
supported by surface plasmon resonance (SPR), as shown in Fig. 2C. The relative affinity per 
monomer of PH-VN is remarkably high compared with those of NO- and SH-VN, especially 
at the lower concentrations (Sano, K., et al. 2007). 
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Fig. 2. Changes in electrophoretic mobility and collagen-binding of rat vitronectin at 24 h 
after partial hepatectomy. (A) SDS-PAGE of vitronectins from non-operated rats (N), 
partially hepatectomized (PH) rats at 6-240h after operation, and sham-operated (SH) rats at 
24 h after operation. (B) Type I collagen (1 μg/100 μL) was coated onto wells of microtiter 
plates. After blocking with 5% BSA, various concentrations of purified vitronectins were 
added to each well. The bound vitronectin was measured using HRP-conjugated rabbit anti-
human vitronectin IgGs and ELISA. The absorbance of collagen-bound vitronectin was 
corrected for the antibody reactivity of each vitronectin. (C) Collagen was immobilized on a 
CM5 sensor chip, and each vitronectin in PBS was injected onto the sensor chip at a flow rate 
of 20 μL/min at 20°C. The change of resonance units (RU) was corrected by subtracting the 
value on the BSA-immobilized reference cell.  

2.1.2 Changes in glycosylation and carbohydrate concentration of vitronectin during 
early stage of liver regeneration 

As shown in Fig. 3, the carbohydrate analyses of the three vitronectins indicated that total 
carbohydrate contents of PH-VN and SH-VN decreased to one-third and one-half of that of 
NO-VN, respectively, and that a remarkable decrease in sialic acids and amounts of glycans 
occurred due to partial hepatectomy. The lectin reactivity of the three vitronectins indicated 
that these vitronectins contain complex-type N-linked oligosaccharides. The reactivity 
toward Phaseolus vulgaris lectin L4 (L-PHA) varied remarkably among vitronectins, and PH-
VN showed marked reactivity with L-PHA, but SH- and NO-VNs reacted only slightly, 
suggesting that tri- or tetraantennary lactosamine-branched structures multiplied 
dramatically after partial hepatectomy. The specificity of PVL toward clustered sialyl 
residues (Ueda, H., Kojima, K., et al. 1999) (Ueda, H., Matsumoto, H., et al. 2002), the 
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Fig. 2. Changes in electrophoretic mobility and collagen-binding of rat vitronectin at 24 h 
after partial hepatectomy. (A) SDS-PAGE of vitronectins from non-operated rats (N), 
partially hepatectomized (PH) rats at 6-240h after operation, and sham-operated (SH) rats at 
24 h after operation. (B) Type I collagen (1 μg/100 μL) was coated onto wells of microtiter 
plates. After blocking with 5% BSA, various concentrations of purified vitronectins were 
added to each well. The bound vitronectin was measured using HRP-conjugated rabbit anti-
human vitronectin IgGs and ELISA. The absorbance of collagen-bound vitronectin was 
corrected for the antibody reactivity of each vitronectin. (C) Collagen was immobilized on a 
CM5 sensor chip, and each vitronectin in PBS was injected onto the sensor chip at a flow rate 
of 20 μL/min at 20°C. The change of resonance units (RU) was corrected by subtracting the 
value on the BSA-immobilized reference cell.  
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NO-VN, respectively, and that a remarkable decrease in sialic acids and amounts of glycans 
occurred due to partial hepatectomy. The lectin reactivity of the three vitronectins indicated 
that these vitronectins contain complex-type N-linked oligosaccharides. The reactivity 
toward Phaseolus vulgaris lectin L4 (L-PHA) varied remarkably among vitronectins, and PH-
VN showed marked reactivity with L-PHA, but SH- and NO-VNs reacted only slightly, 
suggesting that tri- or tetraantennary lactosamine-branched structures multiplied 
dramatically after partial hepatectomy. The specificity of PVL toward clustered sialyl 
residues (Ueda, H., Kojima, K., et al. 1999) (Ueda, H., Matsumoto, H., et al. 2002), the 
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remarkably decreased reactivity of PH-VN with Psathyrella velutina lectin (PVL), together 
with the decrease in the reactivities with concanavalin A (Con A) and Lens culinaris lectin 
(LCA), indicate that the sialylated N-glycans markedly decreased after partial hepatectomy, 
which agrees well with the decreased amounts of carbohydrates including sialyl residues of 
the PH-VN. The changes in branching glycans would be attributable to the activity of 
several glycosyltransferases, which have been reported to increase (Miyoshi, E. , et al. 1995; 
Okamoto, Y., et al. 1978), while the decreased N-glycosylation of vitronectin at 24 h after 
partial hepatectomy could be attributed to the attenuation of the oligosaccharide transferase 
activity in microsomes (Oda-Tamai, S., et al. 1985).  

 
Fig. 3. The carbohydrate concentration, composition, and reactivity with lectins of 
vitronectins (VN) from non-operated (NO), sham-operated (SH), and partially 
hepatectomized (PH) rats. 

2.1.3 Mechanism of enhanced collagen binding by change of vitronectin glycosylation 

To study the enhancement of the mechanism for collagen binding, NO-VN was 
deglycosylated by sequential exoglycosidase treatments and collagen binding activity was 
analyzed by ELISA. As shown in Fig. 4A, collagen-binding of vitronectin gradually 
increased with step-wise trimming of glycans. Deglycosylated vitronectin (NG) showed 
collagen-binding activity three times higher than that of control vitronectin, suggesting that 
the enhancement of collagen binding of PH-VN is due to the changes in glycosylation (Sano, 
K., et al. 2007). 

The deglycosylated NO-VNs were analyzed for multimer formation by ultracentrifugation, 
and the multimer sizes were calculated from the weight average molecular weight of 
vitronectin (Fig. 4B). The multimer sizes were gradually increased by step-wise 
deglycosylation, accompanied with an increase of the amounts of multimer vitronectins, 
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which were cross-linked by disulfide-bonds, as measured by the intensity ratio of bands in 
SDS-PAGE before and after reduction, as shown in Fig. 4C. The enhanced collagen-binding 
activity of PH-VN was attributable to a multivalent effect that was due to the increase in 
the sizes and amounts of multimer vitronectins. The increase in multimer vitronectins in 
active form in various ligand-binding activities will accelerate the matrix incorporation of 
PH-VNs. 

 
Fig. 4. The collagen binding activities (A), molecular weight and multimerization (B), and 
relative amounts of multimer (white bar) to monomer (black bar) of glycan-trimmed human 
vitronectin. The typical complex-type glycan structures of mammalian vitronectin was 
sequentially trimmed by sialidase (S), β-galactosidase (G), β-hexosaminidase (H), and N-
glycosidase F (NG). U: untreated vitronectin; C: control vitronectin incubated without 
enzyme.  

2.1.4 Effects of glycosylation of vitronectin on hepatic stellate cell spreading 

Hepatic stellate cells are fibrotic cells that are induced during hepatic inflammation and are 
the major source of the newly synthesized ECM during hepatic fibrosis, whereas the 
survival or apoptosis of hepatic stellate cells is critical for the development or resolution, 
respectively, of liver fibrosis in chronic liver diseases (Benyon, R.C. and Arthur, M.J. 2001). 
In the normal liver, hepatic stellate cells have a low proliferation rate and produce trace 
amounts of ECM. As liver fibrosis progresses, hepatic stellate cells proliferate, but during 
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the resolution of fibrosis there is extensive apoptosis that coincides with degradation of the 
liver scar (Benyon, R.C. and Arthur, M.J. 2001). It was reported that the activation of hepatic 
stellate cells increased the expression of integrin αvβ3, which is the major receptor of 
vitronectin on the cell surface, and promotes their proliferation and survival (Kato, S. and 
Akamatsu, N. 1985). We determined the structure and changes of rat vitronectin glycans 
during liver regeneration, and observed the relationship between the survival signaling of 
hepatic stellate cells and glycosylation of vitronectin. 

 
Fig. 5. Spreading and FAK-phosphorylation of HSCs on vitronectins. HSCs were plated on 
substrates coated with 10 μg/mL of vitronectins purified from NO, SH, or PH rats or 
desialylated (S) or de-N-glycosylated (NG) vitronectin. After 90-min incubation at 37°C in 
5% CO2, the % of the cells spread and FAK-phosphorylated were assessed by taking those 
on NO-VN as 1. Photomicrographs at ×40 magnification are shown on the upper panel. The 
data were analyzed by Student’s t-test. The data represent the means S.D. (n=6); ***, p<0.001; 
*, p<0.05 compared with that on NO-VN. 

In this study, vitronectins were purified from rat plasma at 24 hours after partial 
hepatectomy, sham-operation, or non-operated and designated as PH-, SH-, and NO-VN, 
respectively. The effect of PH-VN on HSC spreading was decreased to 1/2 of that of NO- or 
SH-VN (Fig. 5A). HSC spreading was also decreased on neuraminidase-treated vitronectin 
compared with untreated vitronectin, whereas it was decreased less on de-N-glycosylated 
NO-VN. These results indicate the importance of glycosylation, particularly sialylation, of 
vitronectin in HSC spreading. The effect of de-N-glycosylation was small compared with 
that of desialylation, because many sialic acid residues still remained on the O-glycans after 
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N-glycosidase F (PNGase F) treatment. In addition, PNGase F converts asparagine to 
aspartate, which may reduce the effect of the decrease of the negative charge of sialic acids. 
Because a clear difference between de-N-glycosylated and non-treated samples in cell 
spreading was still observed, suggesting the contribution of fibronectin-glycans to some 
extent, it cannot be concluded from this result that O-glycans contribute more to the 
decreased HSC spreading activity of PH-VN than N-glycans do.  

To address the effects of glycosylation of vitronectin on integrin-mediated signaling, the 
focal adhesion kinase (FAK) of HSCs was compared among NO-, SH-, and PH-VN. As 
shown in Fig. 5B, the amount of phosphorylated FAK on PH-VN was decreased in 
proportion to cell spreading. These results suggest that the change in vitronectin 
glycosylation due to partial hepatectomy is able to regulate activation of the integrin-
mediated signaling pathway. In addition, the effect of phosphorylated FAK on 
neuraminidase-treated NO-VN was decreased to an extent similar to that on PH-VN. 

2.1.5 Site-specific glycosylations of rat vitronectin 

In the early stage of liver regeneration, the synthesis of total DNA increased while the 
synthesis of total glycoproteins decreased within 48 h after partial hepatectomy (Okamoto, 
Y. and Akamatsu, N. 1977). The contradictory decrease of total glycoprotein synthesis in 
regenerating rat liver is due to the attenuation of oligosaccharide transferase activity in 
microsomes (Oda-Tamai, S., et al. 1985). Alterations in the glycan structure of total hepatic 
glycoproteins have been also suggested during liver regeneration (Kato, S. and Akamatsu, 
N. 1985; Ishii, I., et al. 1985). However, the changes in the glycans of a particular 
glycoprotein have not been well characterized. For these reasons, we investigated the site-
specific glycosylations and changes after partial hepatectomy in rat plasma vitronectin. 

Liquid chromatography/mass spectrometry analysis (LC/MSn) of Glu-C glycopeptides 
determined the site-specific glycosylation of each vitronectin. Four potential sites, Asn86, 
Asn96, Asn167, and Asn240 were revealed to be N-glycosylated, while the peptides of residues 
Thr110-Thr124 were O-glycosylated. The most frequent N-glycan structures site-specifically 
found for each site are shown in Fig. 6. At Asn86, Asn96, and Asn240, biantennary complex-
type trisialoglycans with or without core fucosylation and with different amounts of O-
acetylated NeuNAc were deduced (Fig. 6), whereas biantennary hybrid-type N-glycans 
were found to be the major structures at Asn167. In the Thr110–Thr124 region, the highly 
sialylated glycans were detected in the negative ion mode spectrum, and analysis in positive 
ion mode revealed that a Hex-HexNAc unit was located in the inner region of the glycans. 
From the results of lectin reactivity (18), it was inferred that one to three sialylated core-1 
type molecules were attached.  

These O-glycans contained disialic acid, which was chemically confirmed by fluorometric 
C7/C9 analyses and mild acid hydrolysate-fluorometric anion-exchange chromatography 
(Yasukawa, Z., Sato, C., et al. 2005). PH-VN had less disialyl O-glycans and complex-type N-
glycans, but more core-fucosylated N-glycans than NO-VN (Sano, K., et al. 2010).  

At the same time, alterations in the glycosylation of fibronectin (FN) after PH were different 
from those of vitronectin. The carbohydrate concentration of PH-FN decreased to 66% of 
that of NO- and SH-FNs. LC/MSn revealed that eight kinds of complex-type N-glycan 
structures were present in NO-, SH-, and PH-FNs, and that bi- and trisialobiantennary 
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Akamatsu, N. 1985). We determined the structure and changes of rat vitronectin glycans 
during liver regeneration, and observed the relationship between the survival signaling of 
hepatic stellate cells and glycosylation of vitronectin. 

 
Fig. 5. Spreading and FAK-phosphorylation of HSCs on vitronectins. HSCs were plated on 
substrates coated with 10 μg/mL of vitronectins purified from NO, SH, or PH rats or 
desialylated (S) or de-N-glycosylated (NG) vitronectin. After 90-min incubation at 37°C in 
5% CO2, the % of the cells spread and FAK-phosphorylated were assessed by taking those 
on NO-VN as 1. Photomicrographs at ×40 magnification are shown on the upper panel. The 
data were analyzed by Student’s t-test. The data represent the means S.D. (n=6); ***, p<0.001; 
*, p<0.05 compared with that on NO-VN. 

In this study, vitronectins were purified from rat plasma at 24 hours after partial 
hepatectomy, sham-operation, or non-operated and designated as PH-, SH-, and NO-VN, 
respectively. The effect of PH-VN on HSC spreading was decreased to 1/2 of that of NO- or 
SH-VN (Fig. 5A). HSC spreading was also decreased on neuraminidase-treated vitronectin 
compared with untreated vitronectin, whereas it was decreased less on de-N-glycosylated 
NO-VN. These results indicate the importance of glycosylation, particularly sialylation, of 
vitronectin in HSC spreading. The effect of de-N-glycosylation was small compared with 
that of desialylation, because many sialic acid residues still remained on the O-glycans after 
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N-glycosidase F (PNGase F) treatment. In addition, PNGase F converts asparagine to 
aspartate, which may reduce the effect of the decrease of the negative charge of sialic acids. 
Because a clear difference between de-N-glycosylated and non-treated samples in cell 
spreading was still observed, suggesting the contribution of fibronectin-glycans to some 
extent, it cannot be concluded from this result that O-glycans contribute more to the 
decreased HSC spreading activity of PH-VN than N-glycans do.  

To address the effects of glycosylation of vitronectin on integrin-mediated signaling, the 
focal adhesion kinase (FAK) of HSCs was compared among NO-, SH-, and PH-VN. As 
shown in Fig. 5B, the amount of phosphorylated FAK on PH-VN was decreased in 
proportion to cell spreading. These results suggest that the change in vitronectin 
glycosylation due to partial hepatectomy is able to regulate activation of the integrin-
mediated signaling pathway. In addition, the effect of phosphorylated FAK on 
neuraminidase-treated NO-VN was decreased to an extent similar to that on PH-VN. 

2.1.5 Site-specific glycosylations of rat vitronectin 

In the early stage of liver regeneration, the synthesis of total DNA increased while the 
synthesis of total glycoproteins decreased within 48 h after partial hepatectomy (Okamoto, 
Y. and Akamatsu, N. 1977). The contradictory decrease of total glycoprotein synthesis in 
regenerating rat liver is due to the attenuation of oligosaccharide transferase activity in 
microsomes (Oda-Tamai, S., et al. 1985). Alterations in the glycan structure of total hepatic 
glycoproteins have been also suggested during liver regeneration (Kato, S. and Akamatsu, 
N. 1985; Ishii, I., et al. 1985). However, the changes in the glycans of a particular 
glycoprotein have not been well characterized. For these reasons, we investigated the site-
specific glycosylations and changes after partial hepatectomy in rat plasma vitronectin. 

Liquid chromatography/mass spectrometry analysis (LC/MSn) of Glu-C glycopeptides 
determined the site-specific glycosylation of each vitronectin. Four potential sites, Asn86, 
Asn96, Asn167, and Asn240 were revealed to be N-glycosylated, while the peptides of residues 
Thr110-Thr124 were O-glycosylated. The most frequent N-glycan structures site-specifically 
found for each site are shown in Fig. 6. At Asn86, Asn96, and Asn240, biantennary complex-
type trisialoglycans with or without core fucosylation and with different amounts of O-
acetylated NeuNAc were deduced (Fig. 6), whereas biantennary hybrid-type N-glycans 
were found to be the major structures at Asn167. In the Thr110–Thr124 region, the highly 
sialylated glycans were detected in the negative ion mode spectrum, and analysis in positive 
ion mode revealed that a Hex-HexNAc unit was located in the inner region of the glycans. 
From the results of lectin reactivity (18), it was inferred that one to three sialylated core-1 
type molecules were attached.  

These O-glycans contained disialic acid, which was chemically confirmed by fluorometric 
C7/C9 analyses and mild acid hydrolysate-fluorometric anion-exchange chromatography 
(Yasukawa, Z., Sato, C., et al. 2005). PH-VN had less disialyl O-glycans and complex-type N-
glycans, but more core-fucosylated N-glycans than NO-VN (Sano, K., et al. 2010).  

At the same time, alterations in the glycosylation of fibronectin (FN) after PH were different 
from those of vitronectin. The carbohydrate concentration of PH-FN decreased to 66% of 
that of NO- and SH-FNs. LC/MSn revealed that eight kinds of complex-type N-glycan 
structures were present in NO-, SH-, and PH-FNs, and that bi- and trisialobiantennary 
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glycans were the major structures (Sano, K., et al. 2008). Hybrid-type N-glycans and disialyl 
O-glycans were not detected. These results indicate that the alterations in the glycosylations 
of fibronectin and vitronectin were significantly different in the early stage of liver 
regeneration and demonstrate that these glycoproteins play different biological roles in the 
promotion of tissue remodeling processes. 

 
Fig. 6. Site-specific glycosylation of rat plasma vitronectin. The four glycosylation sites on 
rat plasma vitronectin and the glycan structures at each glycosylation site were determined 
by glycopeptide analyses using LC/MSn. The most frequent glycan structures that were 
present at each site are presented. 

2.1.6 Change in isoelectric points and oligosialylation of vitronectin 

Highly sialylated O-glycans, which have a diNeuAc structure and were markedly decreased 
in PH-VN, affect the isoelectric points of vitronectins. Immunostaining of vitronectins after 
two-dimensional PAGE showed that each vitronectin has two components, pI 4.0 and 5.7 in 
NO-VN, that both shifted to higher pI, pI 4.3 and 6.0 in SH-VN, and further to pI 4.6 and 6.0 
in PH-VN (Fig. 7). The pI of NO-VN was converted to one basic point, pI 6, after 
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neuraminidase treatment, and only the more acidic component of pI 4.1 reacted with mAb 
S2–566, which specifically recognizes the Neu5Acα2,8Neu5Acα2,3Gal structure (Yasukawa, 
Z., et al. 2006). 

 

Fig. 7. Two-dimensional PAGE and western blotting of vitronectins. The first electrophoresis 
was isoelectric focusing. The second electrophoresis was SDS-PAGE under reducing 
conditions on 7.5% polyacrylamide gel, followed by blotting onto a polyvinylidene 
difluoride membrane and immunostaining using sheep anti-vitronectin IgGs (A–D) or the 
anti-oligosialic acid monoclonal antibody S2–566 (E), and HRP-conjugated secondary 
antibodies. Membranes were developed with ECL-Plus. 

The results were also supported by the immunodetection of each vitronectin after 2D-PAGE 
where both hyper- and hyposilalylated molecules were present and the hypersialylation in 
PH-VN was markedly attenuated (Fig. 3). These analyses showed that the oligosialic acid on 
the O-glycan significantly affected the pI of the acidic partially hepatectomized vitronectin 
fraction. In addition to the decrease of oligosialyl epitopes in PH-VN, undersialylation of 
both N- and O-glycans was found in the basic PH-VN fraction. 

The presence of disialic acid structures in some glycoproteins was previously described 
(Finne, J., et al. 1977), and neural cell adhesion molecules have been very thoroughly studied 
(Finne, J., Krusius, T., et al. 1977). Changes in expression of the oligosialic epitope on serum 
glycoproteins under inflammatory conditions were also reported (Yasukawa, Z., et al. 2005) 
(Yasukawa, Z., et al. 2007). The fact that the amounts of disialic acid structures in PH-VN 
were decreased compared with those in NO-VN indicates that the inflammation caused by 
partial hepatectomy reduces disialylation on vitronectin. The results indicate that the 
decreased sialylation plays a key role in regulating the function of vitronectin in liver 
regeneration. 
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In contrast to PH-VN, the glycosylation and biological activities of vitronectin in cirrhotic 
plasma were differentially changed. Yamada’s group reported that vitronectin, which is 
active in collagen-binding in plasma, increased and correlated with certain fibrous markers 
(Yamada, S., et al. 1997, Yamada, S., et al. 1996), that the concentration of vitronectin in liver 
tissue was significantly increased in chronic liver disease compared with that in normal 
controls, and that vitronectin was colocalized at fibrous sites (Kobayashi, J., et al. 1994). 
Several reports supported the observation; therefore, the immunoreactivity of vitronectin in 
liver can be considered a marker of chronic/mature fibrosis. The vitronectins in untreated 
plasma exist mainly in native inactive form and exhibit low collagen binding. Urea 
treatment of cirrhotic and normal plasma revealed that the ratio of active to inactive 
vitronectin in cirrhotic plasma increased to more than twice that in normal plasma, 
promoting the incorporation of vitronectin from plasma into the matrix proceeds in spite of 
the fact that the vitronectin concentration in cirrhotic plasma was only 70% of that in normal 
plasma (Suzuki, R., et al. 2001). It is important to elucidate the changes in the glycosylation 
and biological activities of vitronectin in cirrhotic plasma and compare them with those of 
liver regeneration. 

2.2 Summary  

The present study attempted to determine how alterations of glycans modulate the 
biological activities of vitronectin during the initial stage of liver regeneration. Plasma 
vitronectin was purified from partially hepatectomized and sham-operated rats at 24 hours 
after operation and from non-operated rats. We found that the glycosylation of vitronectin 
changed and decreased markedly after surgery. The multimer sizes of PH- and SH-VNs 
significantly increased compared with NO-VN, and the change was accompanied by an 
increase in collagen binding. It was indicated that these changes were due to the changes in 
glycosylation of vitronectin, especially decreased sialylation, which increased the size and 
amount of the multimers to enhance the collagen-binding activity by a multivalent effect. 
Adhesion and spreading of rat hepatic stellate cells on PH-VN was decreased to 1/2 of that 
on NO- or SH-VN. Similarly, desialylated NO-VN decreased the spreading of rat hepatic 
stellate cells to 1/2 of that of control vitronectin, indicating the importance of sialylation of 
vitronectin for activation of rat hepatic stellate cells. LC/MSn of vitronectin glycopeptides 
determined the site-specific glycosylation and the presence of highly sialylated O-glycans, 
which dramatically decreased after partial hepatectomy. Understanding the functional 
modulation of glycans on vitronectin may contribute to development of a strategy to 
regulate liver regeneration and matrix fibrosis in liver cirrhosis. 

3. New method to detect changes in sialylation 
As described in the previous sections, in the initial stage of the liver regeneration, alterations 
in sialylation of vitronectin modulate the important biological activities of vitronectin 
during tissue-remodeling processes by multiple steps. Like vitronectin, the sialylation of 
other glycoproteins changes under pathological conditions as well as during developmental 
stages, and altered sialylation often has significant implications in the physiological role of 
glycoproteins (Varki, A., Commings, R.D., Esko, J. D., Freeze, H. H.,Stanley, P., H., Bertozzi, 
C.R., Hart, G.W., Etzler, M.E. 2009)(Rutishauser, U. 1998). The aim of this section is to 
describe a fundamental method using chromatofocusing that enables detection of the 
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changes in sialylation and separation of the matrix glycoproteins according to their pI in 
small amounts. The strategy is technically feasible and is applicable to various glycoproteins 
for a number of biological systems.  

3.1.1 Principle of chromatofocusing 

Chromatofocusing was originally a method of purification by separating proteins according 
to their pI. The pI of a protein is the pH at which the protein has zero surface charge. If a 
buffer, initially adjusted to the first pH, is run through an ion exchange column (see Fig. 8A) 
and followed by another buffer of a second pH, a pH gradient is formed in the column (Fig. 
8B) (Sluyterman, L.A.A. E., O 1978; Sluyterman, L.A. and Wijdenes, J. 1978). If this pH 
gradient is used to elute proteins bound to the ion exchanger, the proteins in the column are 
eluted in the order of their pI. If the pH of the mobile phase around a protein is higher than 
the protein’s pI, the protein has a positive charge. Therefore, it is dissociated from the anion 
exchange column and eluted from the column (Fig. 8A-C). If the pH of the mobile phase is 
lower, the protein has a negative charge and remains in the column (Shan, L. and Anderson, 
D.J. 2001). In this study, we applied chromatofocusing to detect the changes in sialylation of 
glycoproteins during liver degeneration. 

 
Fig. 8. Proteins having different pI are separated from each other as they pass through the 
anion exchanger column. A sample containing proteins that are  (pI = 7.0),  (pI = 5.5), 
and  (pI = 4.0) was applied to the column. (A) When the first buffer (pH 7.0) was poured 
into the column, the pH in the column is 7.0; therefore, rectangle proteins (pI >7.0) are 
eluted. Triangle and hexagon proteins (pI<7.0) are still bound to the column because they 
are negatively charged at pH 7.0. (B), When the second buffer (pH 4.0) was added, the pH in 
the column becomes lower, and this is halfway through the elution. (C), When the second 
buffer (pH 4.0) was continuously loaded, the pH in the column became pH 4.0 throughout 
the column, and then the hexagon proteins (pI=4.0) were eluted at the end of the elution. 

3.1.2 Method 

Rat plasma samples were collected at 24 h, 48 h, 72 h, 5 d, or 7 d after two-thirds 
hepatectomy or sham operation and stored at -80°C until use. Each plasma sample (200 
μg/100 μl) was applied to chromatofocusing using a Mono P5/50 GL column (GE 
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In contrast to PH-VN, the glycosylation and biological activities of vitronectin in cirrhotic 
plasma were differentially changed. Yamada’s group reported that vitronectin, which is 
active in collagen-binding in plasma, increased and correlated with certain fibrous markers 
(Yamada, S., et al. 1997, Yamada, S., et al. 1996), that the concentration of vitronectin in liver 
tissue was significantly increased in chronic liver disease compared with that in normal 
controls, and that vitronectin was colocalized at fibrous sites (Kobayashi, J., et al. 1994). 
Several reports supported the observation; therefore, the immunoreactivity of vitronectin in 
liver can be considered a marker of chronic/mature fibrosis. The vitronectins in untreated 
plasma exist mainly in native inactive form and exhibit low collagen binding. Urea 
treatment of cirrhotic and normal plasma revealed that the ratio of active to inactive 
vitronectin in cirrhotic plasma increased to more than twice that in normal plasma, 
promoting the incorporation of vitronectin from plasma into the matrix proceeds in spite of 
the fact that the vitronectin concentration in cirrhotic plasma was only 70% of that in normal 
plasma (Suzuki, R., et al. 2001). It is important to elucidate the changes in the glycosylation 
and biological activities of vitronectin in cirrhotic plasma and compare them with those of 
liver regeneration. 

2.2 Summary  

The present study attempted to determine how alterations of glycans modulate the 
biological activities of vitronectin during the initial stage of liver regeneration. Plasma 
vitronectin was purified from partially hepatectomized and sham-operated rats at 24 hours 
after operation and from non-operated rats. We found that the glycosylation of vitronectin 
changed and decreased markedly after surgery. The multimer sizes of PH- and SH-VNs 
significantly increased compared with NO-VN, and the change was accompanied by an 
increase in collagen binding. It was indicated that these changes were due to the changes in 
glycosylation of vitronectin, especially decreased sialylation, which increased the size and 
amount of the multimers to enhance the collagen-binding activity by a multivalent effect. 
Adhesion and spreading of rat hepatic stellate cells on PH-VN was decreased to 1/2 of that 
on NO- or SH-VN. Similarly, desialylated NO-VN decreased the spreading of rat hepatic 
stellate cells to 1/2 of that of control vitronectin, indicating the importance of sialylation of 
vitronectin for activation of rat hepatic stellate cells. LC/MSn of vitronectin glycopeptides 
determined the site-specific glycosylation and the presence of highly sialylated O-glycans, 
which dramatically decreased after partial hepatectomy. Understanding the functional 
modulation of glycans on vitronectin may contribute to development of a strategy to 
regulate liver regeneration and matrix fibrosis in liver cirrhosis. 

3. New method to detect changes in sialylation 
As described in the previous sections, in the initial stage of the liver regeneration, alterations 
in sialylation of vitronectin modulate the important biological activities of vitronectin 
during tissue-remodeling processes by multiple steps. Like vitronectin, the sialylation of 
other glycoproteins changes under pathological conditions as well as during developmental 
stages, and altered sialylation often has significant implications in the physiological role of 
glycoproteins (Varki, A., Commings, R.D., Esko, J. D., Freeze, H. H.,Stanley, P., H., Bertozzi, 
C.R., Hart, G.W., Etzler, M.E. 2009)(Rutishauser, U. 1998). The aim of this section is to 
describe a fundamental method using chromatofocusing that enables detection of the 
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changes in sialylation and separation of the matrix glycoproteins according to their pI in 
small amounts. The strategy is technically feasible and is applicable to various glycoproteins 
for a number of biological systems.  

3.1.1 Principle of chromatofocusing 

Chromatofocusing was originally a method of purification by separating proteins according 
to their pI. The pI of a protein is the pH at which the protein has zero surface charge. If a 
buffer, initially adjusted to the first pH, is run through an ion exchange column (see Fig. 8A) 
and followed by another buffer of a second pH, a pH gradient is formed in the column (Fig. 
8B) (Sluyterman, L.A.A. E., O 1978; Sluyterman, L.A. and Wijdenes, J. 1978). If this pH 
gradient is used to elute proteins bound to the ion exchanger, the proteins in the column are 
eluted in the order of their pI. If the pH of the mobile phase around a protein is higher than 
the protein’s pI, the protein has a positive charge. Therefore, it is dissociated from the anion 
exchange column and eluted from the column (Fig. 8A-C). If the pH of the mobile phase is 
lower, the protein has a negative charge and remains in the column (Shan, L. and Anderson, 
D.J. 2001). In this study, we applied chromatofocusing to detect the changes in sialylation of 
glycoproteins during liver degeneration. 

 
Fig. 8. Proteins having different pI are separated from each other as they pass through the 
anion exchanger column. A sample containing proteins that are  (pI = 7.0),  (pI = 5.5), 
and  (pI = 4.0) was applied to the column. (A) When the first buffer (pH 7.0) was poured 
into the column, the pH in the column is 7.0; therefore, rectangle proteins (pI >7.0) are 
eluted. Triangle and hexagon proteins (pI<7.0) are still bound to the column because they 
are negatively charged at pH 7.0. (B), When the second buffer (pH 4.0) was added, the pH in 
the column becomes lower, and this is halfway through the elution. (C), When the second 
buffer (pH 4.0) was continuously loaded, the pH in the column became pH 4.0 throughout 
the column, and then the hexagon proteins (pI=4.0) were eluted at the end of the elution. 

3.1.2 Method 

Rat plasma samples were collected at 24 h, 48 h, 72 h, 5 d, or 7 d after two-thirds 
hepatectomy or sham operation and stored at -80°C until use. Each plasma sample (200 
μg/100 μl) was applied to chromatofocusing using a Mono P5/50 GL column (GE 
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Healthcare Inc.) and a fast protein liquid chromatograph (FPLC; AKTA Purifier, GE 
Healthcare, Inc). The starting buffer was 0.025 M bis-Tris, pH 7.1, and the elution buffer was 
10% Polybuffer74, pH 4.0. Buffers were filtered through 0.22 μm filters under vacuum and 
degassed. Samples were adjusted to the pH of the starting buffer, or exchanged by dialysis 
into the starting buffer. The column was pre-equilibrated with the starting buffer until the 
eluent was applied to the column, which was the same pH as that of starting buffer. After 
samples were applied to FPLC, the elution buffer was added. Samples were separated by 
the pI of each component protein in the column, and sequentially eluted from the column. 
The effluent was continuously monitored by absorbance at 280 nm and divided by 1 
mL/tube. After the pH gradient ended, the column was washed with two column volumes 
of 2M NaCl to elute the molecules still bound to the column. Finally, the column was re-
equilibrated with five column volumes of starting buffer until UV absorbance and pH 
values reached a plateau. An aliquot (10 μL) of each fraction eluted from the column was 
subjected to SDS-PAGE on a 7% polyacrylamide gel, and the separated protein bands were 
electro transferred to a polyvinylidene difluoride membrane and detected with specific 
antibodies to vitronectin. Membranes were developed with ECL (GE Healthcare Inc.). 

3.1.3 Results 

An example of the elution pattern of rat plasma is shown in Fig. 9. As the buffer flowed 
through the chromatofocusing column, the pH decreased and a descending pH gradient 
was generated. As shown in Fig. 10, when vitronectin in rat plasma was separated by 
chromatofocusing, NO-VN was eluted at pH 4.7–4.5, while PH–VN (24 h) was eluted at pH 
5.2-4.8. 

 
Fig. 9. Chromatogram of non-operated rat plasma. Dotted line, pH; solid line, absorbance 
at 280 nm. Flow rate: 0.5 mL/min, temperature: 4°C. Other conditions are described in the 
text. 
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Rat plasma vitronectin at 24 h after partial hepatectomy was shifted to a higher pI than that 
of NO-VN on two-dimensional PAGE, as shown in Fig. 7. The result of chromatofocusing 
combined with immunodetection suggests that sialylation of vitronectin remained low with 
pI over pH 5 for the period from 24 to 72h after partial hepatectomy. The pI of PH-VN after 
7d had recovered to pH 4.7–4.5 (data not shown). 

 
Fig. 10. The elution pattern of vitronectin with descending elution pH. The amount of 
vitronectin was measured by the band intensity of an immunoblot of the eluted fraction and 
is expressed as %, when taking that of 1 μg of purified NO-VN as 100%. Solid line: PH-VN 
(24 h), chain line: NO-VN, dotted line: pH of the eluted fraction. 

3.1.4 Discussion 

The elution pattern on chromatofocusing was very reproducible, and the pIs of NO-VN and 
PH-VN were found to be 4.7–4.5 and 5.2–4.8, respectively (Fig. 10). The immunostaining of 
PH-VN after two-dimensional PAGE (Fig. 7) indicated the presence of two components (pI 4.6 
and 6.0), whereas PH-VN was eluted by chromatofocusing at intermediate pH, although the 
two methods agreed on the tendency for the pI of PH-VN to be considerably shifted toward 
alkalinity compared to that of NO-VN. This discrepancy may be due not only to the difference 
in the plasma sample lots but also because parts of the vitronectin eluted by chromatofocusing 
are multimerized in the buffer like the vitronectin in physiological plasma, which shows a 
broad pH range of elution peaks indicating variation in sialylation of the vitronectin molecules 
contained. Chromatofocusing has the advantage of analyzing the isoelectric property under 
physiological conditions, especially in detection of changes in sialylation of glycoproteins, and 
the eluted fractions are utilizable for activity measurements (Kneba, M., et al. 1983). 

3.1.5 Summary 

Each plasma sample was subjected to chromatofocusing using FPLC, which can separate 
molecules by their isoelectric point (pI). Fractions eluted from the column were subjected to 
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Healthcare Inc.) and a fast protein liquid chromatograph (FPLC; AKTA Purifier, GE 
Healthcare, Inc). The starting buffer was 0.025 M bis-Tris, pH 7.1, and the elution buffer was 
10% Polybuffer74, pH 4.0. Buffers were filtered through 0.22 μm filters under vacuum and 
degassed. Samples were adjusted to the pH of the starting buffer, or exchanged by dialysis 
into the starting buffer. The column was pre-equilibrated with the starting buffer until the 
eluent was applied to the column, which was the same pH as that of starting buffer. After 
samples were applied to FPLC, the elution buffer was added. Samples were separated by 
the pI of each component protein in the column, and sequentially eluted from the column. 
The effluent was continuously monitored by absorbance at 280 nm and divided by 1 
mL/tube. After the pH gradient ended, the column was washed with two column volumes 
of 2M NaCl to elute the molecules still bound to the column. Finally, the column was re-
equilibrated with five column volumes of starting buffer until UV absorbance and pH 
values reached a plateau. An aliquot (10 μL) of each fraction eluted from the column was 
subjected to SDS-PAGE on a 7% polyacrylamide gel, and the separated protein bands were 
electro transferred to a polyvinylidene difluoride membrane and detected with specific 
antibodies to vitronectin. Membranes were developed with ECL (GE Healthcare Inc.). 

3.1.3 Results 

An example of the elution pattern of rat plasma is shown in Fig. 9. As the buffer flowed 
through the chromatofocusing column, the pH decreased and a descending pH gradient 
was generated. As shown in Fig. 10, when vitronectin in rat plasma was separated by 
chromatofocusing, NO-VN was eluted at pH 4.7–4.5, while PH–VN (24 h) was eluted at pH 
5.2-4.8. 

 
Fig. 9. Chromatogram of non-operated rat plasma. Dotted line, pH; solid line, absorbance 
at 280 nm. Flow rate: 0.5 mL/min, temperature: 4°C. Other conditions are described in the 
text. 
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Rat plasma vitronectin at 24 h after partial hepatectomy was shifted to a higher pI than that 
of NO-VN on two-dimensional PAGE, as shown in Fig. 7. The result of chromatofocusing 
combined with immunodetection suggests that sialylation of vitronectin remained low with 
pI over pH 5 for the period from 24 to 72h after partial hepatectomy. The pI of PH-VN after 
7d had recovered to pH 4.7–4.5 (data not shown). 

 
Fig. 10. The elution pattern of vitronectin with descending elution pH. The amount of 
vitronectin was measured by the band intensity of an immunoblot of the eluted fraction and 
is expressed as %, when taking that of 1 μg of purified NO-VN as 100%. Solid line: PH-VN 
(24 h), chain line: NO-VN, dotted line: pH of the eluted fraction. 

3.1.4 Discussion 

The elution pattern on chromatofocusing was very reproducible, and the pIs of NO-VN and 
PH-VN were found to be 4.7–4.5 and 5.2–4.8, respectively (Fig. 10). The immunostaining of 
PH-VN after two-dimensional PAGE (Fig. 7) indicated the presence of two components (pI 4.6 
and 6.0), whereas PH-VN was eluted by chromatofocusing at intermediate pH, although the 
two methods agreed on the tendency for the pI of PH-VN to be considerably shifted toward 
alkalinity compared to that of NO-VN. This discrepancy may be due not only to the difference 
in the plasma sample lots but also because parts of the vitronectin eluted by chromatofocusing 
are multimerized in the buffer like the vitronectin in physiological plasma, which shows a 
broad pH range of elution peaks indicating variation in sialylation of the vitronectin molecules 
contained. Chromatofocusing has the advantage of analyzing the isoelectric property under 
physiological conditions, especially in detection of changes in sialylation of glycoproteins, and 
the eluted fractions are utilizable for activity measurements (Kneba, M., et al. 1983). 

3.1.5 Summary 

Each plasma sample was subjected to chromatofocusing using FPLC, which can separate 
molecules by their isoelectric point (pI). Fractions eluted from the column were subjected to 
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SDS-PAGE, electrotransferred to a PVDF membrane, and detected with specific antibodies 
to vitronectin or fibronectin.  

Key results: The chromatofocusing and immunoblotting of plasma before and after sialidase 
treatment enabled us to demonstrate when and what alteration of sialylation occurs in each 
glycoprotein at each different stage during liver regeneration. The changes in pI essentially 
coincided with that of 2D-PAGE; however, we can determine the pI of a sample under 
physiological condition by using the chromatofocusing technique. Furthermore, this method 
is facile, quick, and applicable to recovered samples for activity analyses because they are 
non-denatured and separated by pI. 

4. Conclusion  
This study proposes that alterations of glycosylation, especially decreased sialylation of 
vitronectin, modulate tissue remodeling processes in multiple steps, especially HSC 
spreading and survival. Our findings suggest that the removal of sialic acid from vitronectin 
suppressed activation of stellate cells, indicating the possibility of a new treatment for or 
method to prevent liver cirrhosis. This will open new windows to the paradigm of glyco-
regenerative medicine, which is based on the modulatory functions of glycans of ECM 
glycoproteins such as vitronectin. 
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SDS-PAGE, electrotransferred to a PVDF membrane, and detected with specific antibodies 
to vitronectin or fibronectin.  

Key results: The chromatofocusing and immunoblotting of plasma before and after sialidase 
treatment enabled us to demonstrate when and what alteration of sialylation occurs in each 
glycoprotein at each different stage during liver regeneration. The changes in pI essentially 
coincided with that of 2D-PAGE; however, we can determine the pI of a sample under 
physiological condition by using the chromatofocusing technique. Furthermore, this method 
is facile, quick, and applicable to recovered samples for activity analyses because they are 
non-denatured and separated by pI. 

4. Conclusion  
This study proposes that alterations of glycosylation, especially decreased sialylation of 
vitronectin, modulate tissue remodeling processes in multiple steps, especially HSC 
spreading and survival. Our findings suggest that the removal of sialic acid from vitronectin 
suppressed activation of stellate cells, indicating the possibility of a new treatment for or 
method to prevent liver cirrhosis. This will open new windows to the paradigm of glyco-
regenerative medicine, which is based on the modulatory functions of glycans of ECM 
glycoproteins such as vitronectin. 
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1. Introduction 
The term antioxidant was originally utilized to refer specifically to a chemical product that 
prevented the consumption of oxygen (Burneo, 2009); thus, antioxidants are defined as 
molecules whose function is to delay or prevent the oxygenation of other molecules. The 
importance of antioxidants lies in their mission to end oxidation reactions that are found in 
the process and to impede their generating new oxidation reactions on acting in a type of 
sacrifice on oxidating themselves. There are endogenous and exogenous antioxidants in 
nature. Some of the best-known exogenous antioxidant substances are the following: β‐
carotene (pro‐vitamin A); retinol (vitamin (A); ascorbic acid (vitamin C); α‐tocopherol 
(vitamin E); oligoelements such as selenium; amino acids such as glycine, and flavonoids 
such as silymarin, among other organic compounds (Venereo, 2002).  

Historically, it is known that the first investigations on the role that antioxidants play in 
Biology were centered on their intervention in preventing the oxidation of unsaturated fats, 
which is the main cause of rancidity in food (Wolf, 2005). However, it was the identification 
of vitamins A, C, and E as antioxidant substances that revolutionized the study area of 
antioxidants and that led to elucidating the importance of these substances in the defense 
system of live organisms  (Jacob, 1996). 

Due to their solubilizing nature, antioxidant compounds have been divided into 
hydrophilics (phenolic compounds and vitamin C) and lipophilics (carotenoids and vitamin 
E). The antioxidant capacity of phenolic compounds is due principally to their redox 
properties, which allow them to act as reducing agents, hydrogen and electron donors, and 
individual oxygen inhibitors, while vitamin C’s antioxidant action is due to its possessing 
two free electrons that can be taken up by Free radicals (FR), as well as by other Reactive 
oxygen species (ROS), which lack an electron in their molecular structure. Carotenoids are 
deactivators of electronically excited sensitizing molecules, which are involved in the 
generation of radicals and individual oxygen, and the antioxidant activity of vitamin A is 
characterized by hydrogen donation, avoiding chain reactions (Burneo, 2009). 
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The antioxidant defense system is composed of a group of substances that, on being present 
at low concentrations with respect to the oxidizable substrate, delay or significantly prevent 
oxygenation of the latter. Given that FR such as ROS are inevitably produced constantly 
during metabolic processes, in general it may be considered as an oxidizable substrate to 
nearly all organic or inorganic molecules that are found in living cells, such as proteins, 
lipids, carbohydrates, and DNA molecules. Antioxidants impede other molecules from 
binding to oxygen on reacting or interacting more rapidly with FR and ROS than with the 
remainder of molecules that are present in the microenvironment in which they are found 
(plasma membrane, cytosol, the nucleus, or Extracellular fluid [ECF]). Antioxidant action is 
one of the sacrifices of its own molecular integrity in order to avoid alterations in the 
remainder of vitally functioning or more important molecules. In the case of the exogenic 
antioxidants, replacement through consumption in the diet is of highest importance, 
because these act as suicide molecules on encountering FR, as previously mentioned 
(Venereo, 2002). 

This is the reason that, for several years, diverse researchers have been carrying out 
experimental studies that demonstrate the importance of the role of antioxidants in 
protection and/or hepatic regeneration in animals. Thus, in this chapter, the principal 
antioxidants will be described that play an important role in the regeneration of hepatic cells 
and in the prevention of damage deriving from alcohol (Burneo, 2009; Venereo 2002). 

2. Retinol (Vitamin A) 
Vitamin A, also called trans-retinol, is an isoprenoid alcohol that that performs several 
important functions in the organism, is essential in vision, in addition to being necessary for 
epithelial tissue regulation and differentiation, as well as for bone growth, reproduction, 
and embryonic development. Together with some carotenoids, vitamin A increases the 
immunitary function, reduces the consequences of infectious diseases (Goodman & Gilman, 
1996), and, more recently, it has been observed that it provides certain protection against 
malignant diseases such as cancer (Morales-González 2009).  

Vitamin A belongs to a family of similarly structured molecules that are generically 
denominated retinoids (low-molecular-weight molecules, derived from the hydrophobic 
molecules of vitamin A)  (Mathews-Van Holde, 1998). 

The activity of vitamin A in mammals is due not only to retinoids, but also to certain 
carotenes that are widely distributed in the majority of vegetables. Carotenes do not possess 
intrinsic vitamin A activity, but are converted into vitamin A by means of enzymatic actions 
that take place in the intestinal mucosa and in the liver (Morales-González 2009).  

2.1 Structure 

Vitamin A can present as a free alcohol, as a fatty acid ester, as an aldehyde,  and as an acid 
(Figure 1). In this structure, on replacing the alcohol group, it obtained retinal, the principal 
functional form of rods and cones in the retina and, by an acid group, retinoic acid, the main 
functional form in cellular regulation and differentiation (Morales-González 2009; Mathews 
Van-Holde 1998).  
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2.2 Digestion, absorption, and metabolism 

Because vitamin A is a liposoluble vitamin, retinol digestion and absorption is intimately 
linked to that of lipids. Retinol esters dissolved in fat from the diet arrive in the small 
intestine, forming micelles with the aid of bile salts. Later, hydrolysis is produced in which 
the pancreatic lipase enzyme participates, acting on formed micelles, causing the absorption 
of 90% of dietary fats. Vitamin A, together with the additional products of enzymatic 
hydrolysis, enter the enterocyte after passing through the cellular membrane, whether by 
facilitated diffusion or passively depending on the concentrations present (Morales-
González 2009). 

 
Fig. 1. The chemical structure of vitamin A is made up of a 6-carbon-atom cyclic nucleus 
with an 11-carbon side-chain.  

Carotenes as such are absorbed passively, and once in the cytoplasm, are transformed into 
retinol. Within the intestinal cell, the greater part of the retinol is esterified with saturated 
fatty acids such as palmitic acid and is incorporated in lymphatic kilomicrons, which enter 
into the bloodstream and are transported to the liver, where it is stored in parenchymatous 
cells and in the adiposites in the form of retinyl ester. The greater part of this is taken up by 
the hepatocytes of kilomicron fragments and is transferred in the form of light retinol to the 
Retinol binding protein (RBP) and toward the Kupffer cells, whose main function appears to 
be storage of these. When the tissues require retinol, this is transported by means of RBP 
and Transthyretin (TTR, prealbumin) for transport in the circulation of the target cells. The 
tissues are capable of taking this up through surface receptors, where the retinol is 
transferred to a retinol membrane binding protein and becomes a retinyl ester. Later, a 
hydrolase related with the membrane unfolds the latter. RBP exists in nearly all tissues; the 
exceptions comprise cardiac and skeletal muscle. In addition to its uptake of retinol, the RBP 
functions as a reservoir for cellular retinol and releases the vitamin to the appropriate sites 
for its conversion into active compounds. In the retina, retinol becomes 11-cis-retinal, which 
is incorporated into the rhodospin. In other target tissues, retinol apparently is oxidized into 
retinoic acid, which is transported to the nucleus. It is noteworthy that the RBP plasma 
concentration is crucial for regulation of the retinol in plasma and its transport to the tissues 
(Morales-González, 2009). In general, within the organism retinol can follow three processes; 
esterification and storage in the liver; conversion into active metabolites (retinal), and/or 
catabolism and excretion as retinoic acid (Allende-Martínez 1997). 
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The antioxidant defense system is composed of a group of substances that, on being present 
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oxygenation of the latter. Given that FR such as ROS are inevitably produced constantly 
during metabolic processes, in general it may be considered as an oxidizable substrate to 
nearly all organic or inorganic molecules that are found in living cells, such as proteins, 
lipids, carbohydrates, and DNA molecules. Antioxidants impede other molecules from 
binding to oxygen on reacting or interacting more rapidly with FR and ROS than with the 
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antioxidants will be described that play an important role in the regeneration of hepatic cells 
and in the prevention of damage deriving from alcohol (Burneo, 2009; Venereo 2002). 
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2.2 Digestion, absorption, and metabolism 

Because vitamin A is a liposoluble vitamin, retinol digestion and absorption is intimately 
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of 90% of dietary fats. Vitamin A, together with the additional products of enzymatic 
hydrolysis, enter the enterocyte after passing through the cellular membrane, whether by 
facilitated diffusion or passively depending on the concentrations present (Morales-
González 2009). 

 
Fig. 1. The chemical structure of vitamin A is made up of a 6-carbon-atom cyclic nucleus 
with an 11-carbon side-chain.  
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Retinol binding protein (RBP) and toward the Kupffer cells, whose main function appears to 
be storage of these. When the tissues require retinol, this is transported by means of RBP 
and Transthyretin (TTR, prealbumin) for transport in the circulation of the target cells. The 
tissues are capable of taking this up through surface receptors, where the retinol is 
transferred to a retinol membrane binding protein and becomes a retinyl ester. Later, a 
hydrolase related with the membrane unfolds the latter. RBP exists in nearly all tissues; the 
exceptions comprise cardiac and skeletal muscle. In addition to its uptake of retinol, the RBP 
functions as a reservoir for cellular retinol and releases the vitamin to the appropriate sites 
for its conversion into active compounds. In the retina, retinol becomes 11-cis-retinal, which 
is incorporated into the rhodospin. In other target tissues, retinol apparently is oxidized into 
retinoic acid, which is transported to the nucleus. It is noteworthy that the RBP plasma 
concentration is crucial for regulation of the retinol in plasma and its transport to the tissues 
(Morales-González, 2009). In general, within the organism retinol can follow three processes; 
esterification and storage in the liver; conversion into active metabolites (retinal), and/or 
catabolism and excretion as retinoic acid (Allende-Martínez 1997). 
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2.3 Antioxidant action 

Vitamin A is a natural antioxidant that prevents cellular aging, eliminates FR, and protects 
the DNA in its mutagenic action. β-carotene is also a powerful antioxidant. We must clarify 
that this antioxidant function is only obtained in foods that were submitted to cooking for at 
least 5 minutes.  Some studies have demonstrated that β-carotene supplemented in the diet 
has shown some evidence of antitumor action (Allende-Martínez 1997). 

On the other hand, in the case of its participation in the regeneration of hepatic cells in 
alcohol-induced damage, a positive result is obtained, because vitamin A has shown a lesser 
protector effect against the formation of FR in the reversion of the hepatic regeneration 
inhibition caused by ethanol consumption, due to that retinol is the principal component of 
vitamin A, that it is an alcohol, and that retinol as well as ethanol utilize the same enzymatic 
pathways; thus, storage of vitamin A and of ethanol in hepatic cells is altered. Therefore, an 
excess of vitamin A and its interaction with the alcohol increase the capacity to produce 
fibrous tissue that, in the long term, can cause a cirrhosis (Ramírez-Farías et al., 2008). Thus, 
it is considered that vitamin A can generate, instead of a benefit, a hepatotoxicity with 
subsequent inflammation, necrosis, and the increase of some serum enzymes (Morales-
González, 2009).  

3. Ascorbic acid (Vitamin C) 
L-Ascorbic acid (AA), commonly known as vitamin C, is considered one of the organism’s 
most powerful antioxidant agents due to its capacity to donate two electrons from its double 
link, that of positions two and three; thus, it interacts with the FR, blocking their harmful 
effect. The human body is not capable of obtaining vitamin C exogenously through foods; it 
is found concentrated in certain organs such as eye, liver, spleen, suprarenal glands, and 
thyroids. It is an essential vitamin, in that it participates in reactions such as the synthesis of 
molecules such as carnitine or thrysine acid, which are fundamental for good bodily 
function; it participates in iron absorption and presents immunological and anti-
inflammatory actions such as the synthesis of neurotransmitters and hormones, playing an 
important role in collagen synthesis (Morales-González, 2009; Mathews-Van Holde 1998). 

AA (C6H8O6) is an essential vitamin that is chemically synthesized from glucose by a series 
of enzyme-catalyzed actions, the last enzyme involved in its synthesis being L-gulono-
gamma-lactone oxidase (GLO); it is hydrosoluble and possesses acidic and strongly 
reductive properties. These properties are due to its enediol structure and to the possibility 
of ionizing the hydroxyl situated on carbon 3, forming an anion that remains stabilized by 
resonance. Eventually, it can dissociate the carbon-2 hydroxyl, forming a dianion, although 
it does not acquire the same stability as that of carbon 3. In nature, two isomers are found 
with nutritive properties (Figure 1): the L- isomer (L-ascorbic acid), and the D-isomer (L-
dehydroascorbic acid). The functions of vitamin C apparently reflect its redox capacity. 
Thus, it participates in some hydroxylation reactions in which it maintains optimal 
enzymatic activity by means of electron donation. Vitamin C also increases the absorption of 
no-heme iron and serves as an important mechanism for inactivating highly reactive 
radicals in tissue cells. Similarly, it delays the formation in the body of nitrosamines , which 
are possible carcinogens. The accumulated evidence links ascorbic acid with many elements 
of the immunitary system  (Morales-González, 2009).  
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3.1 Absorption 

Vitamin C absorption is carried out in the small intestine by sodium-dependent active 
transport (faster and more efficient), or by passive transfusion through a glucose transporter 
(insulin). L-dehydroascorbic acid is more easily absorbed than L-ascorbic acid. This 
characteristic is attributed to that the oxidized form of the vitamin remains with ionization 
to the physiological pH and to that the molecule is slightly hydrophobic, which permits it to 
penetrate into the membranes, Once inside, it is reduced to ascorbate; in this manner, it 
circulates mainly in plasma and in suprarenal glands and hypophysis. The effectiveness of 
the absorption depends on the dose administered, because it has been observed that on 
increasing the dose, the effectiveness of the absorption diminishes (Morales-González, 2009).  

 
Fig. 2. The chemical structure of vitamin C corresponds to that of a lactone; L-ascorbic acid 
presents a double connection link between the 2 and 3 carbon; this characteristic allows the 
molecule to donate electrons from this double link, forming L-dehydroascorbic acid, or in a 
reversible reaction.  

3.2 Antioxidant action 

Similar to vitamin A, vitamin C is a natural antioxidant characterized by the capacity to 
donate two electrons from its double link at positions two and three, in such as way that it 
interacts with FR, blocking their harmful effect; consequently, it is oxidized. In addition to 
exerting an effect on FR, it also acts by regenerating oxidized antioxidants such as α-
tocopherol and β-carotene. In a study published by Ramírez-Farías et al., in 2008, the author 
concluded that administration of vitamins C and E provided a protector effect against liver 
damage; they attenuate lipid peroxidation, and both vitamins present a significantly greater 
effect than vitamin A against ethanol-mediated toxic effects during hepatic regeneration. 

4. Vitamin E 
Vitamin E (C29H50O2) is known as the generic of a derived set of tocols, with α-tocopherol 
the most active form for humans. Tocopherols possess a functional phenolic group in a 
chromanol ring and an isoprenoid side- chain of 16 carbons; it is saturated with three double 
links. There are two groups of compounds with vitamin E activity, and the tocopherols 
(with a 16-carbon isoprenoid side-chain) and the tocotrienols (with the same 16-carbon 
chain, but with three double links); both groups present vitameres that differ in the number 



 
Liver Regeneration 102 

2.3 Antioxidant action 

Vitamin A is a natural antioxidant that prevents cellular aging, eliminates FR, and protects 
the DNA in its mutagenic action. β-carotene is also a powerful antioxidant. We must clarify 
that this antioxidant function is only obtained in foods that were submitted to cooking for at 
least 5 minutes.  Some studies have demonstrated that β-carotene supplemented in the diet 
has shown some evidence of antitumor action (Allende-Martínez 1997). 

On the other hand, in the case of its participation in the regeneration of hepatic cells in 
alcohol-induced damage, a positive result is obtained, because vitamin A has shown a lesser 
protector effect against the formation of FR in the reversion of the hepatic regeneration 
inhibition caused by ethanol consumption, due to that retinol is the principal component of 
vitamin A, that it is an alcohol, and that retinol as well as ethanol utilize the same enzymatic 
pathways; thus, storage of vitamin A and of ethanol in hepatic cells is altered. Therefore, an 
excess of vitamin A and its interaction with the alcohol increase the capacity to produce 
fibrous tissue that, in the long term, can cause a cirrhosis (Ramírez-Farías et al., 2008). Thus, 
it is considered that vitamin A can generate, instead of a benefit, a hepatotoxicity with 
subsequent inflammation, necrosis, and the increase of some serum enzymes (Morales-
González, 2009).  

3. Ascorbic acid (Vitamin C) 
L-Ascorbic acid (AA), commonly known as vitamin C, is considered one of the organism’s 
most powerful antioxidant agents due to its capacity to donate two electrons from its double 
link, that of positions two and three; thus, it interacts with the FR, blocking their harmful 
effect. The human body is not capable of obtaining vitamin C exogenously through foods; it 
is found concentrated in certain organs such as eye, liver, spleen, suprarenal glands, and 
thyroids. It is an essential vitamin, in that it participates in reactions such as the synthesis of 
molecules such as carnitine or thrysine acid, which are fundamental for good bodily 
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gamma-lactone oxidase (GLO); it is hydrosoluble and possesses acidic and strongly 
reductive properties. These properties are due to its enediol structure and to the possibility 
of ionizing the hydroxyl situated on carbon 3, forming an anion that remains stabilized by 
resonance. Eventually, it can dissociate the carbon-2 hydroxyl, forming a dianion, although 
it does not acquire the same stability as that of carbon 3. In nature, two isomers are found 
with nutritive properties (Figure 1): the L- isomer (L-ascorbic acid), and the D-isomer (L-
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Thus, it participates in some hydroxylation reactions in which it maintains optimal 
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no-heme iron and serves as an important mechanism for inactivating highly reactive 
radicals in tissue cells. Similarly, it delays the formation in the body of nitrosamines , which 
are possible carcinogens. The accumulated evidence links ascorbic acid with many elements 
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and position of the methyl groups in the chromanol ring, designated as α, β, ∂, and  (Figure 
3) (Morales-González, 2009). 

This vitamin forms part of the essential vitamins; thus, it should be acquired by means of its 
consumption in the daily diet. The distinct forms of vitamin E are not interchangeable 
among themselves in humans; in addition, they present distinct metabolic behaviors; 
therefore, other existing forms do not convert into α-tocopherol at any time and do not 
contribute to covering the vitamin E requirement. One of the main functions of α-tocopherol 
is that of its being a lipid antioxidant; on the other hand, it diminishes the production of 
thromboxanes and prostaglandins, is capable of inducing apoptosis directly or indirectly in 
tumor cells, modulates microsomal enzyme activity, inhibits protein kinase C activity, 
functions as a genetic regulator at the messenger RNA (mRNA) level, modulates the 
immunitary response during oxidative stress, and intervenes in the processes of fetal 
development and gestation, as well as in the processes of the formation of elastic and 
collagen fibers of the connective tissues, and in addition promotes the normal formation of 
erythrocytes; thus, the importance of this vitamin (Morales-González, 2009; Sayago, 2007).  

 
Fig. 3. In tocopherol structure, the alpha (α) homologue possesses four methyl groups in 
positions 2, 5, and 7. 

4.1 Absorption and metabolism 

Vitamin E is principally absorbed in the small intestine, with biliary secretion and micelle 
solubilization as indispensible. The bile acids, proceeding from the liver and segregated in 
the small intestine, favor the formation of micelles and facilitate the action of pancreatic 
lipases on lipids. Absorption of vitamin E within the erythrocyte is a passive process; α-
tocopherol and non-esterized -tocopherol are incorporated into the kilomicrons and for 
transport to the liver, in which the alpha-Tocopherol transfer protein (α-TTP) binds to the 
natural α-tocopherol stereoisomer or to the Golgi apparatus to incorporate it into Very-low-
density lipoproteins (VLDL), from which is transferred to other circulating lipoproteins such 
as High-density (HDL) and Low-density lipoproteins (LDL) during their catabolism by the 
Lipoprotein lipase (LPL). LPL can also act on HDL and LDL in order for vitamin E to be able 
to accede to the peripheral tissues (Morales-González, 2009; Sayago, 2007).  

4.2 Antioxidant activity 

α-Tocopherol inhibits lipid oxidation by means of two mechanisms. On the one hand, it 
eliminates the FR produced during peroxidation, thus inhibiting the oxidation chain 
reaction and, on the other hand, it acts as a singlet oxygen chelator. Polyunsaturated fatty 
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acids (PUFA) have methylene groups localized between two double links; this renders 
PUFA sensitive to auto-oxidation; the initial reaction produces the lipid radical, a 
conjugated diene radical (L●), which reacts rapidly with the oxygen molecule, giving rise to 
a peroxyl free radical L-OO. In turn, this FR can act upon another PUFA, which will re-
initiate the entire process and which would give rise to the peroxidation chain. The FR chain 
reaction is broken when α-tocopherol, present in the membrane, transfers a hydrogen to a 
peroxyl FR, transforming it into a hydroperoxide and giving rise to a tocopherol radical. The 
latter can react with different electron donors, among which ascorbate (vitamin C) is 
highlighted, for regenerating the tocopherol. In general, each α-tocopherol molecule can 
react with two peroxyl radicals (Morales-González, 2009; Sayago, 2007). 

5. Oligoelements 
Oligoelements comprise nine micronutrients that are found in the organism in amounts of 
<0.01% of body weight, and are the following: iron; zinc; selenium; manganese; iodine; 
chromium; fluorine; copper, and molybdenum. Oligoelements are very important for the 
organism because they perform functions such as serving as co-factors in enzymatic systems 
or as vital molecular components (Morales-González, 2009). 

5.1 Selenium (Se) 

Selenium is localized within the group of micronutrients constituting a trace element or an 
essential micronutrient for all mammals. Selenium is defined as a non-volatile micromineral 
that fulfills numerous biological functions; thus, its best known function is its role as part of 
the glutathione peroxidase enzyme that protects cells from oxidative damage. Its presence in 
tissues such as liver, heart, lung, and pancreas is essential because it promotes the 
breakdown of toxic peroxides formed during metabolism, impeding cell membrane damage. 
Selenium protects against toxicity by means of mercury, cadmium, and silver (Morales-
González, 2009; Manzanares-Castro, 2007).  

5.1.1 Absorption and metabolism 

Absorption is mainly carried out in the duodenum. This element enters into the body in two 
principal ways depending on its source: selenocysteine (in animals), and selenomethionine 
(in plants); once in the organism, sulfur replacement takes place in cysteine and methionine 
for the formation of  amino acids and selenoproteins. It is excreted through the urine and 
when consumed in high quantities, it also can be eliminated through the breath 
(Manzanares-Castro, 2007). 

5.1.2 Antioxidant action 

Selenium (Se) possesses a potent antioxidant power, which is associated with the so-called 
selenoenzymes. To date, approximately 35 selenoenzymes have been described; these are 
proteins contain a selenocysteine residue in their active site and in which Se constitutes their 
enzymatic co-factor. Among the selenoenzymes, the best characterized and studied are 
Glutathione peroxidase (GPx) and Selenoprotein P (SePP). Another two very important 
enzymes are thioredoxin reductase, whose function is to reduce nucleotides during DNA 
synthesis, and iodothyronine deiodinase, which is responsible for the peripheral conversion 
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and position of the methyl groups in the chromanol ring, designated as α, β, ∂, and  (Figure 
3) (Morales-González, 2009). 
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thromboxanes and prostaglandins, is capable of inducing apoptosis directly or indirectly in 
tumor cells, modulates microsomal enzyme activity, inhibits protein kinase C activity, 
functions as a genetic regulator at the messenger RNA (mRNA) level, modulates the 
immunitary response during oxidative stress, and intervenes in the processes of fetal 
development and gestation, as well as in the processes of the formation of elastic and 
collagen fibers of the connective tissues, and in addition promotes the normal formation of 
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tocopherol and non-esterized -tocopherol are incorporated into the kilomicrons and for 
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Lipoprotein lipase (LPL). LPL can also act on HDL and LDL in order for vitamin E to be able 
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eliminates the FR produced during peroxidation, thus inhibiting the oxidation chain 
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acids (PUFA) have methylene groups localized between two double links; this renders 
PUFA sensitive to auto-oxidation; the initial reaction produces the lipid radical, a 
conjugated diene radical (L●), which reacts rapidly with the oxygen molecule, giving rise to 
a peroxyl free radical L-OO. In turn, this FR can act upon another PUFA, which will re-
initiate the entire process and which would give rise to the peroxidation chain. The FR chain 
reaction is broken when α-tocopherol, present in the membrane, transfers a hydrogen to a 
peroxyl FR, transforming it into a hydroperoxide and giving rise to a tocopherol radical. The 
latter can react with different electron donors, among which ascorbate (vitamin C) is 
highlighted, for regenerating the tocopherol. In general, each α-tocopherol molecule can 
react with two peroxyl radicals (Morales-González, 2009; Sayago, 2007). 

5. Oligoelements 
Oligoelements comprise nine micronutrients that are found in the organism in amounts of 
<0.01% of body weight, and are the following: iron; zinc; selenium; manganese; iodine; 
chromium; fluorine; copper, and molybdenum. Oligoelements are very important for the 
organism because they perform functions such as serving as co-factors in enzymatic systems 
or as vital molecular components (Morales-González, 2009). 

5.1 Selenium (Se) 

Selenium is localized within the group of micronutrients constituting a trace element or an 
essential micronutrient for all mammals. Selenium is defined as a non-volatile micromineral 
that fulfills numerous biological functions; thus, its best known function is its role as part of 
the glutathione peroxidase enzyme that protects cells from oxidative damage. Its presence in 
tissues such as liver, heart, lung, and pancreas is essential because it promotes the 
breakdown of toxic peroxides formed during metabolism, impeding cell membrane damage. 
Selenium protects against toxicity by means of mercury, cadmium, and silver (Morales-
González, 2009; Manzanares-Castro, 2007).  

5.1.1 Absorption and metabolism 

Absorption is mainly carried out in the duodenum. This element enters into the body in two 
principal ways depending on its source: selenocysteine (in animals), and selenomethionine 
(in plants); once in the organism, sulfur replacement takes place in cysteine and methionine 
for the formation of  amino acids and selenoproteins. It is excreted through the urine and 
when consumed in high quantities, it also can be eliminated through the breath 
(Manzanares-Castro, 2007). 

5.1.2 Antioxidant action 

Selenium (Se) possesses a potent antioxidant power, which is associated with the so-called 
selenoenzymes. To date, approximately 35 selenoenzymes have been described; these are 
proteins contain a selenocysteine residue in their active site and in which Se constitutes their 
enzymatic co-factor. Among the selenoenzymes, the best characterized and studied are 
Glutathione peroxidase (GPx) and Selenoprotein P (SePP). Another two very important 
enzymes are thioredoxin reductase, whose function is to reduce nucleotides during DNA 
synthesis, and iodothyronine deiodinase, which is responsible for the peripheral conversion 
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of T4 in active T3. Selenium, together with vitamin E, protects cells from peroxidation 
because the former destroys peroxides through the cytoplasm, while the latter prevents 
peroxide formation (Manzanares-Castro, 2007). 

The biological role that selenium presents is based on two fundamental properties: the 
antioxidant protector function from oxidative damage, and immunomodulation; in this case, 
it had the antecedent of a study carried out in rats in whom oxidative damage was induced 
and by means of Selenium (Se); a significant diminution of the enzymes aspartate 
aminotransferse (AST), Alkaline phosphatase (ALT), and Alanine aminotransferase (ALP) 
was observed, as well as an improvement in the antioxidant state. The results suggested that 
administration of Se to hepatic tissue protects against intoxication due to its antioxidant 
properties (Mahfoud et al., 2010). 

6. Amino acids 
Amino acids are nutrients that function as raw material for protein formation. According to 
their classification due to their requirement in the diet, they are classified as essential, non-
essential, and semi-essential. Their most important function is the formation of peptides, 
structural proteins, enzymes, transporter proteins, immunoproteins, and hormones. 
However, each has special chemical functions in which they are exchanged or cede methyl 
or sulfhydroxyl groups in choline synthesis or substance detoxification. Some of these, such 
as glycine, cysteine, glutamic acid, or taurine, assume the role of antioxidants, and under 
extreme conditions when other energy sources are insufficient, these are utilized to produce 
energy through glyconeogenesis; each amino acid possesses different specific and concrete 
functions (Morales-González, 2009). 

6.1 Glycine (Gli) 

This is the simplest amino acid of all, and it is one of the so-called non-essential amino acids; 
thus, no minimal nutritional contribution is required, given that there are substances 
available in the organism for its synthesis. Glycine (C2H5NO2) is produced in hepatocyte 
mitochondria from 3-D-phosphoglycerate, giving rise to serine, and in the presence of 
pyridoxal phosphate, serine hydroxymethyltransferase removes one carbon atom, thus 
producing glycine. It can also be constituted from carbon dioxide, ammonium, and from 
N5N10-methylenoTetrahydrofolate (TFH) in the same manner as in the mitochondria  
(Morales-González, 2009; Mathews-Van Holde, 1998). 

Glycine is found at high concentrations in the organism, functioning as an important carbon 
donor for the formation of numerous essential compounds. It also functions in the 
biosynthesis of multiple compounds, such as the heme group, purines, proteins, nucleotides, 
nucleic acids, creatinine, conjugated bile salts, and porphyrins, or it can be degraded and 
converted into serine. In the brain, it functions as a neurotransmitter inhibitor; in addition, it 
serves as an extracellular communications molecule; therefore, it possesses different 
antioxidant protector effects (Morales-González, 2009).  

6.1.1 Antioxidant activity 

Glycine possess a protector effect due to that it prevents due to that it prevents the decrease 
of antioxidant hepatic enzyme activity after hemorrhagic processes; this effect can be due to 
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that glycine blocks the  activation of Kupffer cells, which produce FR. Likewise, glycine 
exercises an ascorbate oxidation protector effect by means of cupric ions; consequently, it 
diminishes hydroxyl radical generation. In addition to this, glycine forms part of 
glutathione, tripeptidic and intracellular, that combats FR and maintains some essential 
biological molecules in a reduced chemical state (Morales-González, 2009). 

A group of researchers demonstrated the hepatoprotector effect of glycine and vitamin E in 
a study conducted in rats in which Partial hepatoctomy (PH) was practiced with subsequent 
administration of these antioxidants; finally, it was observed that treatment with either of 
the two antioxidants causes an increase in the peroxidase dismutase enzyme; it diminishes 
Thiobarbituric acid (TBARS) levels, exhibiting the protector effect in hepatic regeneration 
(Parra-Vizuet et al., 2009). 

7. Flavonoids 
Flavonoids are compounds that make up part of the polyphenols and are also considered 
essentials nutrients. Their basic chemical structure consists of two benzene rings bound by 
means of a three-atom heterocyclic carbon chain. Oxidation of the structure gives rise to 
several families of flavonoids (flavons, flavonols, flavanons, anthocyanins, flavanols, and 
isoflavons), and the chemical modifications that each family can undergo give rise to >5,000 
compounds identified by their particular properties (Morales-González, 2009). 

Flavonoid digestion, absorption, and metabolism have common pathways with small 
differences, such as, for example, unconjugated/non-conjugated flavonoids can be absorbed 
at the stomach level, while conjugated flavonoids are digested and absorbed at the intestinal 
level by extracellular enzymes on the enterocyte brush border. After absorption, flavonoids 
are conjugated by methylation, sukfonation, ands glucoronidation reactions due to their 
biological activity, such as facilitating their excretion by biliary or urinary route. The 
conjugation type the site where this occurs determine that metabolite’s biological action, 
together with the protein binding for its circulation and interaction with cellular membranes 
and lipoproteins. Flavonoid metabolites (conjugated or not) penetrate the tissues in which they 
possess some function (mainly antioxidant), or are metabolized (Morales-González, 2009). 

7.1 Silymarin 

Silymarin is a compound of natural origin extracted from the Silybum marianum plant, 
popularly known as St. Mary’s thistle, whose active ingredients are flavonoids such as 
silybin, silydianin, and silycristin. This compound has attracted attention because of its 
possessing antifibrogenic properties, which have permitted it to be studied for its very 
promising actions in experimental hepatic damage. In general, it possesses functions such as 
its antioxidant one, and it can diminish hepatic damage because of its cytoprotection as well 
as due to its inhibition of Kupffer cell function (Sandoval, 2008). 

7.1.1 Antioxidant and hepatoprotector action 

Silymarin is an active principle that possesses hepatoprotector and regenerative action; its 
mechanism of action derives from its capacity to counterarrest the action of FR, which are 
formed due to the action of toxins that damage the cell membranes (lipid peroxidation), 
competitive inhibition through external cell membrane modification of hepatocytes; it forms 
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of T4 in active T3. Selenium, together with vitamin E, protects cells from peroxidation 
because the former destroys peroxides through the cytoplasm, while the latter prevents 
peroxide formation (Manzanares-Castro, 2007). 

The biological role that selenium presents is based on two fundamental properties: the 
antioxidant protector function from oxidative damage, and immunomodulation; in this case, 
it had the antecedent of a study carried out in rats in whom oxidative damage was induced 
and by means of Selenium (Se); a significant diminution of the enzymes aspartate 
aminotransferse (AST), Alkaline phosphatase (ALT), and Alanine aminotransferase (ALP) 
was observed, as well as an improvement in the antioxidant state. The results suggested that 
administration of Se to hepatic tissue protects against intoxication due to its antioxidant 
properties (Mahfoud et al., 2010). 

6. Amino acids 
Amino acids are nutrients that function as raw material for protein formation. According to 
their classification due to their requirement in the diet, they are classified as essential, non-
essential, and semi-essential. Their most important function is the formation of peptides, 
structural proteins, enzymes, transporter proteins, immunoproteins, and hormones. 
However, each has special chemical functions in which they are exchanged or cede methyl 
or sulfhydroxyl groups in choline synthesis or substance detoxification. Some of these, such 
as glycine, cysteine, glutamic acid, or taurine, assume the role of antioxidants, and under 
extreme conditions when other energy sources are insufficient, these are utilized to produce 
energy through glyconeogenesis; each amino acid possesses different specific and concrete 
functions (Morales-González, 2009). 

6.1 Glycine (Gli) 

This is the simplest amino acid of all, and it is one of the so-called non-essential amino acids; 
thus, no minimal nutritional contribution is required, given that there are substances 
available in the organism for its synthesis. Glycine (C2H5NO2) is produced in hepatocyte 
mitochondria from 3-D-phosphoglycerate, giving rise to serine, and in the presence of 
pyridoxal phosphate, serine hydroxymethyltransferase removes one carbon atom, thus 
producing glycine. It can also be constituted from carbon dioxide, ammonium, and from 
N5N10-methylenoTetrahydrofolate (TFH) in the same manner as in the mitochondria  
(Morales-González, 2009; Mathews-Van Holde, 1998). 

Glycine is found at high concentrations in the organism, functioning as an important carbon 
donor for the formation of numerous essential compounds. It also functions in the 
biosynthesis of multiple compounds, such as the heme group, purines, proteins, nucleotides, 
nucleic acids, creatinine, conjugated bile salts, and porphyrins, or it can be degraded and 
converted into serine. In the brain, it functions as a neurotransmitter inhibitor; in addition, it 
serves as an extracellular communications molecule; therefore, it possesses different 
antioxidant protector effects (Morales-González, 2009).  

6.1.1 Antioxidant activity 

Glycine possess a protector effect due to that it prevents due to that it prevents the decrease 
of antioxidant hepatic enzyme activity after hemorrhagic processes; this effect can be due to 
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that glycine blocks the  activation of Kupffer cells, which produce FR. Likewise, glycine 
exercises an ascorbate oxidation protector effect by means of cupric ions; consequently, it 
diminishes hydroxyl radical generation. In addition to this, glycine forms part of 
glutathione, tripeptidic and intracellular, that combats FR and maintains some essential 
biological molecules in a reduced chemical state (Morales-González, 2009). 

A group of researchers demonstrated the hepatoprotector effect of glycine and vitamin E in 
a study conducted in rats in which Partial hepatoctomy (PH) was practiced with subsequent 
administration of these antioxidants; finally, it was observed that treatment with either of 
the two antioxidants causes an increase in the peroxidase dismutase enzyme; it diminishes 
Thiobarbituric acid (TBARS) levels, exhibiting the protector effect in hepatic regeneration 
(Parra-Vizuet et al., 2009). 

7. Flavonoids 
Flavonoids are compounds that make up part of the polyphenols and are also considered 
essentials nutrients. Their basic chemical structure consists of two benzene rings bound by 
means of a three-atom heterocyclic carbon chain. Oxidation of the structure gives rise to 
several families of flavonoids (flavons, flavonols, flavanons, anthocyanins, flavanols, and 
isoflavons), and the chemical modifications that each family can undergo give rise to >5,000 
compounds identified by their particular properties (Morales-González, 2009). 

Flavonoid digestion, absorption, and metabolism have common pathways with small 
differences, such as, for example, unconjugated/non-conjugated flavonoids can be absorbed 
at the stomach level, while conjugated flavonoids are digested and absorbed at the intestinal 
level by extracellular enzymes on the enterocyte brush border. After absorption, flavonoids 
are conjugated by methylation, sukfonation, ands glucoronidation reactions due to their 
biological activity, such as facilitating their excretion by biliary or urinary route. The 
conjugation type the site where this occurs determine that metabolite’s biological action, 
together with the protein binding for its circulation and interaction with cellular membranes 
and lipoproteins. Flavonoid metabolites (conjugated or not) penetrate the tissues in which they 
possess some function (mainly antioxidant), or are metabolized (Morales-González, 2009). 

7.1 Silymarin 

Silymarin is a compound of natural origin extracted from the Silybum marianum plant, 
popularly known as St. Mary’s thistle, whose active ingredients are flavonoids such as 
silybin, silydianin, and silycristin. This compound has attracted attention because of its 
possessing antifibrogenic properties, which have permitted it to be studied for its very 
promising actions in experimental hepatic damage. In general, it possesses functions such as 
its antioxidant one, and it can diminish hepatic damage because of its cytoprotection as well 
as due to its inhibition of Kupffer cell function (Sandoval, 2008). 

7.1.1 Antioxidant and hepatoprotector action 

Silymarin is an active principle that possesses hepatoprotector and regenerative action; its 
mechanism of action derives from its capacity to counterarrest the action of FR, which are 
formed due to the action of toxins that damage the cell membranes (lipid peroxidation), 
competitive inhibition through external cell membrane modification of hepatocytes; it forms 
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a complex that impedes the entrance of toxins into the interior of liver cells and, on the other 
hand, metabolically stimulates hepatic cells, in addition to activating RNA biosythesis of the 
ribosomes, stimulating protein formation. In a study published by Sandoval et al., in 2008, 
the authors observed that silymarin’s protector effect on hepatic cells in rats when they 
employed this as a comparison factor on measuring liver weight/animal weight % 
(hepatomegaly), their values always being less that those of other groups administered with 
other possibly antioxidant substances; no significant difference was observed between the 
silymarin group and the silymarin-alcohol group, thus demonstrating the protection of 
silymarin. On the other hand, silymarin diminishes Kupffer cell activity and the production 
of glutathione, also inhibiting its oxidation. Participation has also been shown in the increase 
of protein synthesis in the hepatocyte on stimulating polymerase I RNA activity. Silymarin 
reduces collagen accumulation by 30% in biliary fibrosis induced in rat (Boigk, 1997). An 
assay in humans reported a slight increase in the survival of persons with cirrhotic 
alcoholism compared with untreated controls (Ferenci, 1989). 

8. Ethanol metabolism 
Ethanol is absorbed rapidly in the gastrointestinal tract; the surface of greatest adsorption is 
the first portion of the small intestine with 70%; 20% is absorbed in the stomach, and the 
remainder, in the colon. Diverse factors can cause the increase in absorption speed, such as 
gastric emptying, ingestion without food, ethanol dilution (maximum absorption occurs at a 
20% concentration), and carbonation. Under optimal conditions, 80‒90% of the ingested 
dose is completely absorbed within 60 minutes. Similarly, there are factors that can delay 
ethanol absorption (from 2-6 hours), including high concentrations of the latter, the presence 
of food, the co-existence of gastrointestinal diseases, the administration of drugs, and 
individual variations (Goldfrank et al., 2002). 

Once ethanol is absorbed, it is distributed to all of the tissues, being concentrated in greatest 
proportion in brain, blood, eye, and cerebrospinal fluid, crossing the feto-placentary and 
hematocephalic barrier (Téllez & Cote, 2006). Gender difference is a factor that modifies the 
distributed ethanol volume; this is due to its hydrosolubility and to that it is not distributed 
in body fats, which explains why in females this parameter is found diminished compared 
with males. 

Ethanol is eliminated mainly (> 90%) by the liver through the enzymatic oxidation pathway; 
5-10% is excreted without changes by the kidneys, lungs, and in sweat (Goldfrank et al., 
2002). The liver is the primary site of ethanol metabolism through the following three 
different enzymatic systems:  

8.1 Alcohol dehydrogenases (ADH) 

Alcohol dehydrogenases (ADH) are cytoplasmic enzymes with numerous isoforms in the 
liver of humans, with high specificity for ethanol as substrate; these are codified by three 
separate genes designated as ADH1, ADH2, and ADH3; these genes translate into peptide 
subunits denominated alpha, beta, and gamma. Variations in ADH isoforms can explain the 
significance in alcohol elimination levels among ethnic groups (Feldman et al., 2000). 

This enzyme utilizes Nicotinamide adenin dinucleotide (NAD+) as a Hydrogen (H+) 
receiver for oxidizing ethanol into acetaldehyde. In this process, H+ is transferred from the 
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substrate (ethanol) to the co-factor (NAD+), converting it into its reduced form, NADH; 
likewise, H+ acetaldehyde is transferred from acetaldehyde to NAD+. Later, the 
acetaldehyde oxidizes into acetate by means of the reduced Aldehyde-dehydrogenase 
enzyme (ALDH). Under normal conditions, acetate is converted into acetyl coenzyme A 
(acetyl-CoA), which enters the Krebs cycle and is metabolized into carbon dioxide and 
water (Goldfrank et al., 2002). 

8.2 Microsomal ethanol oxidation system (MEOS) 

This system is localized at hepatocyte smooth reticulum cisterns; this cytochrome P-450 2E1-
dependent enzymatic system contributes to 5‒10% of ethanol oxidation in moderate 
drinkers, but its activity increases significantly in chronic drinkers by up to 25% (Roldán et 
al., 2003). 

A critical component of MEOS is Cytochrome P-450 2E1 (CYP2E1); this enzyme catalyzes not 
only ethanol oxidation, but also the metabolism of other substances such as paracetamol, the 
barbiturates, the haloalkalines, and the nitrosamines, among others (Feldman et al., 2000). 

CYP2E1 utilizes Nicotinamide adenin dinucleotide phosphate (NADP+) as a (H+) receiver 
for oxidizing ethanol into acetaldehyde. In this process, H+  is transferred from the substrate 
(ethanol) to the co-factor (NADP+), converting this into its reduced form, NADH; Similarly, 
the acetaldehyde is as the H+  transfers from acetaldehyde to NADP+ (Goldfrank et al., 2002). 

While MEOS participation is more active in the ethanol metabolism of chronic than in 
occasional drinkers and its relative contribution in comparison with ADH is difficult to 
determine, notwithstanding this, MEOS is important in the pathogeny of ethanol 
consumption-associated hepatic lesions because oxidation of this CYP2E1-mediated 
substance produces reactive oxygen intermediaries as subproducts (Feldman et al., 2000). 

8.3 Catalase system 

This presents in the peroxisomes and utilizes Hydrogen peroxide (H2O2) for ethanol 
oxidation; its contribution is minimal (Roldán et al., 2003). This system exists in a tight 
relationship with the reduced-oxidase-glutathione system and, like MEOS, is induced by 
chronic ethanol consumption. Ethanol oxidizes into acetaldehyde, utilizing H2O2 as co-
enzyme; this metabolite continues the same course as for converting into acetate through the 
ALDH enzyme (Morales-González et al., 2001; Morales-González et al., 1998). 

Any of the three ethanol pathways transforms it into acetaldehyde, which afterward is 
oxidized into acetate by the Aldehyde-dehydrogenase (ALDH) enzyme. Aldehyde is a 
highly reactive compound and is potentially toxic for the hepatocyte. 

9. Hepatic regeneration 
Hepatic regeneration (HR) is a process arising throughout evolution to protect animals from 
the catastrophic results of hepatic necrosis caused by the effect of the toxins of plants that 
serve them as food; this extraordinary process has been the object of the curiosity of 
scientists of all times. In ancient Greece, the myth of the chained Prometheus in Caucasus 
mountains of the Caucasus while an eagle daily devoured his entrails, which regenerated 
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a complex that impedes the entrance of toxins into the interior of liver cells and, on the other 
hand, metabolically stimulates hepatic cells, in addition to activating RNA biosythesis of the 
ribosomes, stimulating protein formation. In a study published by Sandoval et al., in 2008, 
the authors observed that silymarin’s protector effect on hepatic cells in rats when they 
employed this as a comparison factor on measuring liver weight/animal weight % 
(hepatomegaly), their values always being less that those of other groups administered with 
other possibly antioxidant substances; no significant difference was observed between the 
silymarin group and the silymarin-alcohol group, thus demonstrating the protection of 
silymarin. On the other hand, silymarin diminishes Kupffer cell activity and the production 
of glutathione, also inhibiting its oxidation. Participation has also been shown in the increase 
of protein synthesis in the hepatocyte on stimulating polymerase I RNA activity. Silymarin 
reduces collagen accumulation by 30% in biliary fibrosis induced in rat (Boigk, 1997). An 
assay in humans reported a slight increase in the survival of persons with cirrhotic 
alcoholism compared with untreated controls (Ferenci, 1989). 

8. Ethanol metabolism 
Ethanol is absorbed rapidly in the gastrointestinal tract; the surface of greatest adsorption is 
the first portion of the small intestine with 70%; 20% is absorbed in the stomach, and the 
remainder, in the colon. Diverse factors can cause the increase in absorption speed, such as 
gastric emptying, ingestion without food, ethanol dilution (maximum absorption occurs at a 
20% concentration), and carbonation. Under optimal conditions, 80‒90% of the ingested 
dose is completely absorbed within 60 minutes. Similarly, there are factors that can delay 
ethanol absorption (from 2-6 hours), including high concentrations of the latter, the presence 
of food, the co-existence of gastrointestinal diseases, the administration of drugs, and 
individual variations (Goldfrank et al., 2002). 

Once ethanol is absorbed, it is distributed to all of the tissues, being concentrated in greatest 
proportion in brain, blood, eye, and cerebrospinal fluid, crossing the feto-placentary and 
hematocephalic barrier (Téllez & Cote, 2006). Gender difference is a factor that modifies the 
distributed ethanol volume; this is due to its hydrosolubility and to that it is not distributed 
in body fats, which explains why in females this parameter is found diminished compared 
with males. 

Ethanol is eliminated mainly (> 90%) by the liver through the enzymatic oxidation pathway; 
5-10% is excreted without changes by the kidneys, lungs, and in sweat (Goldfrank et al., 
2002). The liver is the primary site of ethanol metabolism through the following three 
different enzymatic systems:  

8.1 Alcohol dehydrogenases (ADH) 

Alcohol dehydrogenases (ADH) are cytoplasmic enzymes with numerous isoforms in the 
liver of humans, with high specificity for ethanol as substrate; these are codified by three 
separate genes designated as ADH1, ADH2, and ADH3; these genes translate into peptide 
subunits denominated alpha, beta, and gamma. Variations in ADH isoforms can explain the 
significance in alcohol elimination levels among ethnic groups (Feldman et al., 2000). 

This enzyme utilizes Nicotinamide adenin dinucleotide (NAD+) as a Hydrogen (H+) 
receiver for oxidizing ethanol into acetaldehyde. In this process, H+ is transferred from the 
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substrate (ethanol) to the co-factor (NAD+), converting it into its reduced form, NADH; 
likewise, H+ acetaldehyde is transferred from acetaldehyde to NAD+. Later, the 
acetaldehyde oxidizes into acetate by means of the reduced Aldehyde-dehydrogenase 
enzyme (ALDH). Under normal conditions, acetate is converted into acetyl coenzyme A 
(acetyl-CoA), which enters the Krebs cycle and is metabolized into carbon dioxide and 
water (Goldfrank et al., 2002). 

8.2 Microsomal ethanol oxidation system (MEOS) 

This system is localized at hepatocyte smooth reticulum cisterns; this cytochrome P-450 2E1-
dependent enzymatic system contributes to 5‒10% of ethanol oxidation in moderate 
drinkers, but its activity increases significantly in chronic drinkers by up to 25% (Roldán et 
al., 2003). 

A critical component of MEOS is Cytochrome P-450 2E1 (CYP2E1); this enzyme catalyzes not 
only ethanol oxidation, but also the metabolism of other substances such as paracetamol, the 
barbiturates, the haloalkalines, and the nitrosamines, among others (Feldman et al., 2000). 

CYP2E1 utilizes Nicotinamide adenin dinucleotide phosphate (NADP+) as a (H+) receiver 
for oxidizing ethanol into acetaldehyde. In this process, H+  is transferred from the substrate 
(ethanol) to the co-factor (NADP+), converting this into its reduced form, NADH; Similarly, 
the acetaldehyde is as the H+  transfers from acetaldehyde to NADP+ (Goldfrank et al., 2002). 

While MEOS participation is more active in the ethanol metabolism of chronic than in 
occasional drinkers and its relative contribution in comparison with ADH is difficult to 
determine, notwithstanding this, MEOS is important in the pathogeny of ethanol 
consumption-associated hepatic lesions because oxidation of this CYP2E1-mediated 
substance produces reactive oxygen intermediaries as subproducts (Feldman et al., 2000). 

8.3 Catalase system 

This presents in the peroxisomes and utilizes Hydrogen peroxide (H2O2) for ethanol 
oxidation; its contribution is minimal (Roldán et al., 2003). This system exists in a tight 
relationship with the reduced-oxidase-glutathione system and, like MEOS, is induced by 
chronic ethanol consumption. Ethanol oxidizes into acetaldehyde, utilizing H2O2 as co-
enzyme; this metabolite continues the same course as for converting into acetate through the 
ALDH enzyme (Morales-González et al., 2001; Morales-González et al., 1998). 

Any of the three ethanol pathways transforms it into acetaldehyde, which afterward is 
oxidized into acetate by the Aldehyde-dehydrogenase (ALDH) enzyme. Aldehyde is a 
highly reactive compound and is potentially toxic for the hepatocyte. 

9. Hepatic regeneration 
Hepatic regeneration (HR) is a process arising throughout evolution to protect animals from 
the catastrophic results of hepatic necrosis caused by the effect of the toxins of plants that 
serve them as food; this extraordinary process has been the object of the curiosity of 
scientists of all times. In ancient Greece, the myth of the chained Prometheus in Caucasus 
mountains of the Caucasus while an eagle daily devoured his entrails, which regenerated 
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during the night, is based on the recognition from those times of hepatic regeneration 
(Michalopoulos & DeFrances, 1997).  

Several terms such as replacement of lost parts, restitution, or repair have been employed to 
designate “regeneration”, which is indicative of the active cell proliferation that invariably 
precedes differentiation. After partial liver extraction, cell proliferation does not occur at the 
level of the incision, new lobules do not develop instead of the removed part; ascribing to 
cell migration and differentiation results in the formation of new lobules, and the liver’s 
preoperative weight is rapidly restored (Higgins & Anderson, 1931). 

The liver in humans as well as in rodents possess a noteworthy capacity of  regenerative 
response to several stimuli, including massive destruction of hepatic tissue by toxins, viral 
agents, or by surgical desertion; liver regeneration depends on the ability of the hepatocytes 
to be submitted to cell division, which is strictly controlled by intra- and extrahepatic factors 
(Gutiérrez-Salinas et al., 1999). 

HG is a physiological process that includes hypertrophy (increase in cell size or in protein 
content in the replicative phase) and hyperplasia (increase in cell number), the latter 
governed to a greater degree by functional than by anatomical needs (Palmes & Spiegel, 
2004). Studies with hepatic resections in large animals (dogs and primates) and in humans 
have established that the regenerative response is proportional to the amount of the liver 
removed (Michalopoulos & DeFrances, 1997). 

Partial hepatectomy (PH) is the best studied animal hepatic regeneration model and was 
proposed in 1931 by Higgins and Anderson and consists of the surgical extraction of 70% of 
hepatic mass; hepatic regeneration is induced at an important stage when all of the 
hepatocytes are virtually found in phase G0 of the cell cycle. Stimulated by PH, all of the 
hepatocytes in synchronized fashion enter into the cell cycle; initiation of maximum 
Deoxyribonucleic acid (DNA) synthesis takes place 24 hours after PH and 7‒14 days after 
the removed hepatic mass is restored (Palmes & Spiegel, 2004). 

In contrast with other regenerating tissues (bone marrow and skin) hepatic regeneration 
does not depend on a small population of progenitor cells; liver regeneration after PH is 
carried out by the proliferation of all of the existing mature call populations that comprise 
the intact organ; this includes the hepatocytes, biliary endothelial cells, fenestrated 
endothelial cells, Kupffer cells and Ito cells; all of these cells divide during hepatic 
proliferation, hepatocytes the first to do this. Cell proliferation kinetics differs slightly from 
one species to another; the first DNA synthesis peak in hepatocytes occurs at 24 hours, with 
a second peak between 36 and 48 hours; when three quarters of the hepatic tissue is 
removed, restoration of the original number of hepatocytes theoretically requires 1.66 cell 
cycles per residual hepatocyte (Michalopoulos & DeFrances, 1997). 

10. Ethanol-derived hepatic damage 
The liver is the main target organ of ethanol toxicity; it has been demonstrated 
experimentally that chronic ethanol ingestion leads to an increase of lipid peroxidation 
products and a decrease of antioxidant factors such as glutathione (GSH) and derived 
enzymes. Likewise, oxidative stress has been related as the main factor implicated in 
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alterations derived from its chronic consumption, from the Central nervous system (CNS) as 
well as from the peripheral nervous system (Díaz et al., 2002). 

There are several mechanisms involved in ethanol consumption-related liver damage; the 
former results from the effects of alcohol dehydrogenase (ADH) mediated by the excessive 
generation of NADH and acetaldehyde, which generates the formation of FR (Lieber, 2004). 
Acetaldehyde increases the production of alkanes and causes an imbalance in potential 
cytosolic redox on altering the NAD+/NADH relationship, as occurs in the mitochondria; 
this redox alteration favors the production of lipoperoxides, which increase damage to the 
cell (Gutiérrez-Salinas & Morales-González, 2004).  

Acetaldehyde inactivates the enzymes, diminishing DNA repair, antibody production, and 
glutathione depletion, and increasing mitochondrial toxicity, endangering oxygen 
utilization, and increasing collagen synthesis (Lieber, 2000). 

Another probable mechanism of hepatic damage associated with chronic ethanol 
consumption is the increase in the synthesis of fatty acids and triglycerides and a decrease of 
the oxidation of the former, generating hyperlipidemias that leads to the development of 
fatty liver, in addition to inhibiting fatty acids utilization and the availability of precursors, 
which stimulate the hepatic synthesis of triglycerides (Téllez & Cote, 2006). 

Previous studies have suggested that Kupffer cells are involved in hepatic damage caused 
by ethanol consumption; this is due to that there are reports that ethanol alters the functions 
of these cells, such as phagocytosis, bactericide activity, and the production of inflammatory 
cytokines such as Tumor growth factor alpha (TNF)-α, Interleukin 1 (IL-1), and IL-6, among 
others, which result in hepatic cell toxicity (Thurman et al., 1998). It has been reported that 
TNF-α and IL-1 inhibit protein synthesis in hepatocytes in rat, in addition to stimulating 
neutrophil migration and activation, as well as protease induction and FR release (Thurman, 
1998). 

Cytokines and chemokines originated by the Kupffer cells employ autoparacrine as well as 
paracrine effects that initiate the defensive response in the liver, but that also promote the 
infiltration of inflammatory leukocytes and activate the oxidative attack response, 
accompanied by strong damage originating from degrading cytokines and proteins. Cellular 
infiltration of activated neutrophils produces oxygen FR and secretes other toxic mediators; 
additionally, these can increase the inflammatory response, causing damage and cell death 
(Thurman, 1998). 

Ethanol consumption induces changes in the mitochondrial membrane, such as 
Mitochondrial permeability transition (MPT), which is associated with loss of mitochondrial 
energy, mitochondrial matrix inflammation, and external membrane rupture; this is 
accompanied by the release of numerous proapoptotic factors; in addition, TNF-α activates 
different hepatic cell cascades, resulting in the stimulation of mitotic genes such as p38 of 
Mitogen-activated protein kinases (MAPK) and the Jun N-terminal kinase (JNK), which 
affect mitochondrial sensitivity to the proapoptotic stimulus as follows: JNK by the 
phosphorylation of proapoptotic proteins such as Bcl-2 and Bcl-XL, and p38 MAPK by re-
enforcing the effects of the Bcl-2 proapoptotic Bax Protein family. 

Acute ethanol consumption can produce a hypermetabolic state in the liver that is 
characterized by increase in mitochondrial respiration, which is driven by the great demand 
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during the night, is based on the recognition from those times of hepatic regeneration 
(Michalopoulos & DeFrances, 1997).  
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one species to another; the first DNA synthesis peak in hepatocytes occurs at 24 hours, with 
a second peak between 36 and 48 hours; when three quarters of the hepatic tissue is 
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alterations derived from its chronic consumption, from the Central nervous system (CNS) as 
well as from the peripheral nervous system (Díaz et al., 2002). 

There are several mechanisms involved in ethanol consumption-related liver damage; the 
former results from the effects of alcohol dehydrogenase (ADH) mediated by the excessive 
generation of NADH and acetaldehyde, which generates the formation of FR (Lieber, 2004). 
Acetaldehyde increases the production of alkanes and causes an imbalance in potential 
cytosolic redox on altering the NAD+/NADH relationship, as occurs in the mitochondria; 
this redox alteration favors the production of lipoperoxides, which increase damage to the 
cell (Gutiérrez-Salinas & Morales-González, 2004).  

Acetaldehyde inactivates the enzymes, diminishing DNA repair, antibody production, and 
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utilization, and increasing collagen synthesis (Lieber, 2000). 
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1998). 

Cytokines and chemokines originated by the Kupffer cells employ autoparacrine as well as 
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accompanied by strong damage originating from degrading cytokines and proteins. Cellular 
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(Thurman, 1998). 
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accompanied by the release of numerous proapoptotic factors; in addition, TNF-α activates 
different hepatic cell cascades, resulting in the stimulation of mitotic genes such as p38 of 
Mitogen-activated protein kinases (MAPK) and the Jun N-terminal kinase (JNK), which 
affect mitochondrial sensitivity to the proapoptotic stimulus as follows: JNK by the 
phosphorylation of proapoptotic proteins such as Bcl-2 and Bcl-XL, and p38 MAPK by re-
enforcing the effects of the Bcl-2 proapoptotic Bax Protein family. 

Acute ethanol consumption can produce a hypermetabolic state in the liver that is 
characterized by increase in mitochondrial respiration, which is driven by the great demand 
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for NADH reoxidation produced during ethanol metabolism by cytosolic ADH (Adachi & 
Ishii, 2002); in addition, it alters hepatic microcirculation by stimulating endothelial-1 
production (Thurman, 1998); similarly, the acetaldehyde generated by ethanol metabolism 
causes hypoxia on chemically reacting with free sulfate groups such as glutathione, in such 
as way as to alters the reaction of this metabolite, which activates the xantine oxidase and 
xantine dehydrogenase enzymes, in order to finally diminish the NAD+/NADH equilibrium 
(Gutiérrez-Salinas & Morales-González, 2004).  

Depletion of antioxidant levels, above all that of hepatic glutathione, caused by acute as well 
as by chronic ethanol consumption, increases oxidative stress, which induces changes in the 
mitochondrial membrane, such as diminution of the mitochondrial membrane potential in 
hepatocytes and MPT, both inhibited by the antioxidants or by an ADH inhibitor (Adachi & 
Ishii 2002). 

11. Inhibition of hepatic regeneration by ethanol 
When there is an important, functional hepatic mass loss, such as occurs in  PH, the remnant 
tissue undergoes a regeneration process in which the removed tissue is replaced in its 
totality; during this process, DNA synthesis increases notably, reaching a maximal peak of 
23 at 25 hours postsurgery. After PH, hepatic tissue become more vulnerable to the damage 
caused by consumption of xenobiotics, particularly ethanol administration, which causes 
damage to HR, above all in the early regenerative process phase (Morales-González et al., 
2001; Morales-González et al., 1999). 

Studies performed in animals in which PH was carried out suggest that the acute ethanol 
administration rapidly inhibits the result of the HR after surgery; this has been assessed by a 
frank diminution of the cell proliferation parameters in the remnant liver. Although the 
exact mechanism by which ethanol inhibits HR, it is reasonable to assume that this 
hepatotoxicity could alter the total metabolism of the regenerating liver, which includes 
ethanol oxidation into acetaldehyde, catalyzed by ADH, and the later conversion of this into 
acetate by means of the mitochondrial ALDH (Gutiérrez-Salinas, 1999). 

Acute ethanol administration produces structural and biochemical changes such as partial 
inhibition of protein and DNA synthesis, which indicates the diminution of the mitotic 
index, transitory accumulation of fat, the presence of inflammation, modifications in 
hepatocellular organization, diminution of weight gain in the regenerating liver, and 
inhibition of hepatic regeneration (Morales-González et al., 2001). 

Some physiological processes that are altered by ethanol are metabolite levels in serum 
(glucose, triglycerides, albumin, and bilirubin), in addition to causing modification of the 
serum activity of enzymes that reflect liver integrity (alanine and aspartate 
aminotransferase, lactate dehydrogenase, ornithine carbamoyltransferase, and glutamate 
dehydrogenase); also, on inhibiting DNA synthesis and the activity of enzymes intimately 
related with this process, such as Thymidine synthetase (TS) and Thymidine kinase (TK), in 
addition to diminution of the mitotic index (Morales-González  et al., 2001). 

A sole dose of ethanol is capable of significantly inhibiting the synthesis of the protein 
ornithine decarboxylase, in addition to causing thyrosine aminotransferase degradation, 
which suggests that acute ethanol consumption inhibits protein synthesis and regenerating 
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liver activity on transcriptional levels, interfering with RNA synthesis in the nucleus 
(Morales-González et al., 2001; Morales-González et al., 1999). 

Investigations that have been conducted have demonstrated that the acute as well as the 
chronic ethanol administration jeopardize the incorporation of thymidine into the DNA of 
hepatocytes of rats on which PH had been performed with or without diminution of the 
DNA contents, in addition to reporting that chronic consumption of this substance inhibits 
regeneration 24 hours after the PH due to delay in the induction of ornithine 
carbamoyltransferase activity (Yoshida et al., 1997). 

It has been suggested that damage cause by FR as the product of ethanol consumption 
occurs at the early phase of HR; on the other hand, a transcending increase has been 
reported in mitochondrial lipoperoxidation of the liver in rats after PH. In the same study, a 
diminution was also observed in the early HR phase of mitochondrial glutathione levels 
(Guerrieri et al., 1998). 

12. Ethanol and free radicals 
One factor that suggested that ethanol causes cell damage due to its hepatic metabolism is 
the excessive generation of FR, which can be the result of a state denominated oxidative 
stress; this is because any of ethanol’s metabolic pathways, principally MEOS, is made up of 
chemicals oxido-reduction reactions, which produce highly unstable molecules called  
Reactive oxygen species (ROS), such as the superoxide anion (O2

‒), Hydrogen peroxide 
(H2O2), and the hydroxyl radical (OH•) (Nanji & French, 2003). 

FR can perform four main reactions (Wu & Cederbaum, 2003): 

1. Hydrogen abstraction, in which FR interact with another molecule that acts as the 
donor of an atom of H+. As a result, FR bind to H+ and become more stable, while the 
donor is converted into a FR. 

2. Addiction. Because the FR binds to a more stable molecule, which converts a receiver 
molecule into a FR. 

3. Termination. In this, two FR react between themselves to form a more stable 
compound. 

4. Disproportion. This consists of two LR that are identical to each other react between 
themselves. In this reaction, one FR acts as an electron donor and the other, as an 
electron receiver. In this manner, they become two more stable molecules.  

Free radicals are chemical species that possess an unpaired electron in their last layer, which 
allows these to react with a high number of molecules of all types, first oxidizing these and 
afterward attacking their structures. If lipids (polyunsaturated fatty acids) are involved, they 
damage the structures rich in the latter, such as cell membranes and lipoproteins (Rodríguez 
et al., 2001). Within this generic concept, the partially reduced forms of oxygen are 
denominated Reactive oxygen species (ROS). This is a collective term that includes not only 
oxygen free radicals, but also some reactive non-radical oxygen derivatives. 

The oxidating mechanism of FR is intimately linked to their origin, which follows a 
sequence of chain reactions; in these reactions, a very reactive molecule is capable of 
reacting with another, non-reactive molecule, inducing in the latter the formation of a FR 
ready to initiate a new neutrophilic attack, and so on successively. 



 
Liver Regeneration 112 

for NADH reoxidation produced during ethanol metabolism by cytosolic ADH (Adachi & 
Ishii, 2002); in addition, it alters hepatic microcirculation by stimulating endothelial-1 
production (Thurman, 1998); similarly, the acetaldehyde generated by ethanol metabolism 
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mitochondrial membrane, such as diminution of the mitochondrial membrane potential in 
hepatocytes and MPT, both inhibited by the antioxidants or by an ADH inhibitor (Adachi & 
Ishii 2002). 
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When there is an important, functional hepatic mass loss, such as occurs in  PH, the remnant 
tissue undergoes a regeneration process in which the removed tissue is replaced in its 
totality; during this process, DNA synthesis increases notably, reaching a maximal peak of 
23 at 25 hours postsurgery. After PH, hepatic tissue become more vulnerable to the damage 
caused by consumption of xenobiotics, particularly ethanol administration, which causes 
damage to HR, above all in the early regenerative process phase (Morales-González et al., 
2001; Morales-González et al., 1999). 

Studies performed in animals in which PH was carried out suggest that the acute ethanol 
administration rapidly inhibits the result of the HR after surgery; this has been assessed by a 
frank diminution of the cell proliferation parameters in the remnant liver. Although the 
exact mechanism by which ethanol inhibits HR, it is reasonable to assume that this 
hepatotoxicity could alter the total metabolism of the regenerating liver, which includes 
ethanol oxidation into acetaldehyde, catalyzed by ADH, and the later conversion of this into 
acetate by means of the mitochondrial ALDH (Gutiérrez-Salinas, 1999). 

Acute ethanol administration produces structural and biochemical changes such as partial 
inhibition of protein and DNA synthesis, which indicates the diminution of the mitotic 
index, transitory accumulation of fat, the presence of inflammation, modifications in 
hepatocellular organization, diminution of weight gain in the regenerating liver, and 
inhibition of hepatic regeneration (Morales-González et al., 2001). 

Some physiological processes that are altered by ethanol are metabolite levels in serum 
(glucose, triglycerides, albumin, and bilirubin), in addition to causing modification of the 
serum activity of enzymes that reflect liver integrity (alanine and aspartate 
aminotransferase, lactate dehydrogenase, ornithine carbamoyltransferase, and glutamate 
dehydrogenase); also, on inhibiting DNA synthesis and the activity of enzymes intimately 
related with this process, such as Thymidine synthetase (TS) and Thymidine kinase (TK), in 
addition to diminution of the mitotic index (Morales-González  et al., 2001). 

A sole dose of ethanol is capable of significantly inhibiting the synthesis of the protein 
ornithine decarboxylase, in addition to causing thyrosine aminotransferase degradation, 
which suggests that acute ethanol consumption inhibits protein synthesis and regenerating 
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liver activity on transcriptional levels, interfering with RNA synthesis in the nucleus 
(Morales-González et al., 2001; Morales-González et al., 1999). 

Investigations that have been conducted have demonstrated that the acute as well as the 
chronic ethanol administration jeopardize the incorporation of thymidine into the DNA of 
hepatocytes of rats on which PH had been performed with or without diminution of the 
DNA contents, in addition to reporting that chronic consumption of this substance inhibits 
regeneration 24 hours after the PH due to delay in the induction of ornithine 
carbamoyltransferase activity (Yoshida et al., 1997). 

It has been suggested that damage cause by FR as the product of ethanol consumption 
occurs at the early phase of HR; on the other hand, a transcending increase has been 
reported in mitochondrial lipoperoxidation of the liver in rats after PH. In the same study, a 
diminution was also observed in the early HR phase of mitochondrial glutathione levels 
(Guerrieri et al., 1998). 

12. Ethanol and free radicals 
One factor that suggested that ethanol causes cell damage due to its hepatic metabolism is 
the excessive generation of FR, which can be the result of a state denominated oxidative 
stress; this is because any of ethanol’s metabolic pathways, principally MEOS, is made up of 
chemicals oxido-reduction reactions, which produce highly unstable molecules called  
Reactive oxygen species (ROS), such as the superoxide anion (O2

‒), Hydrogen peroxide 
(H2O2), and the hydroxyl radical (OH•) (Nanji & French, 2003). 

FR can perform four main reactions (Wu & Cederbaum, 2003): 

1. Hydrogen abstraction, in which FR interact with another molecule that acts as the 
donor of an atom of H+. As a result, FR bind to H+ and become more stable, while the 
donor is converted into a FR. 

2. Addiction. Because the FR binds to a more stable molecule, which converts a receiver 
molecule into a FR. 

3. Termination. In this, two FR react between themselves to form a more stable 
compound. 

4. Disproportion. This consists of two LR that are identical to each other react between 
themselves. In this reaction, one FR acts as an electron donor and the other, as an 
electron receiver. In this manner, they become two more stable molecules.  

Free radicals are chemical species that possess an unpaired electron in their last layer, which 
allows these to react with a high number of molecules of all types, first oxidizing these and 
afterward attacking their structures. If lipids (polyunsaturated fatty acids) are involved, they 
damage the structures rich in the latter, such as cell membranes and lipoproteins (Rodríguez 
et al., 2001). Within this generic concept, the partially reduced forms of oxygen are 
denominated Reactive oxygen species (ROS). This is a collective term that includes not only 
oxygen free radicals, but also some reactive non-radical oxygen derivatives. 

The oxidating mechanism of FR is intimately linked to their origin, which follows a 
sequence of chain reactions; in these reactions, a very reactive molecule is capable of 
reacting with another, non-reactive molecule, inducing in the latter the formation of a FR 
ready to initiate a new neutrophilic attack, and so on successively. 
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The greatest source of ROS production in the cell is the mitochondrial respiratory chain, 
which utilizes approximately 8090% of the O2 that a person consumes; another important 
source of ROS, especially in the liver, is a group of Mixed function oxidase (MFO) 
Cytochrome P-450 enzymes. In addition to the ROS generation that takes place naturally in 
the organism, humans are constantly exposed to environmental FR including ROS in the 
form of radiation, Ultraviolet (UV) light, smoke, tobacco smoke, pesticides, and drugs 
utilized in the treatment of cancer (Wu & Cederbaum, 2003). 

The increase in O2
‒ and H2O2 formation is justified with the finding that in aging, electron 

flow conditions are modified in the transport chain of these, which is the last stage of high 
energy proton production, and whose passage through the internal mitochondrial membrane 
generates an electrical gradient that provides the energy necessary for forming ATP (5-
Adenosin triphosphate). Researchers postulate that the ROS generated can produce damage to 
the internal mitochondrial membrane as well as to electron transport chain components or to 
mitochondrial DNA, which further increases ROS production and consequently, more damage 
to the mitochondria and an increase of oxidative stress due to increased oxidant production. 
FR produced during aerobic stress cause oxidative damage that accumulates and results in a 
gradual loss of the homeostatic mechanisms, in an interference of genetic expression patterns, 
and loss of cell functional capacity, which leads to aging and death. 

ROS generation promotes the decrease of intracellular glutathione, elevation of cytoplasmic 
calcium, lipid peroxidation of the membranes, and a series of chain reactions that are 
accompanied by the disappearance of glycogen, decrease of ATP, and the descent of the 
energy state of hepatic cells; these events are the origin of membrane destruction and cell 
death (Thurman et al., 1999). Sustained elevation of cytoplasmic calcium is associated with 
activation of calcium-dependent enzymes such as phospholipase A2, glycogen 
phosphorylase, and the endonucleases, which cause plasmatic membrane ruptures and 
DNA molecule fragmentation. On the other hand, the transitory elevation of intracellular 
calcium intervenes in the progression of cell division in G1-to-S transitions and in those of 
the G2-to-M phase. Immediately after cell death, hepatocellular proliferation begins in order 
to re-establish cell populations that have been destroyed, thus restoring hepatic function 
(Andrés &  Cascales, 2002). 

The OH‒ radical is highly toxic for the hepatocytes, which do not possess a direct system for 
its elimination; this FR is produced intracellularly by two reactions that occur spontaneously 
and that are catalyzed by a transition metal, generally iron (Fe), which are termed the 
Fenton reaction and the Haber-Weiss reaction (Boveris et al., 2000). 

In this reaction, Hydrogen peroxide (H2O2) in the presence of Fe as catalyzer produce the 
hydroxyl radical (OH•). 

The superoxide radical  (O2
‒) leads to the formation of Hydrogen peroxide (H2O2) and both 

products of the partial reduction of oxygen (O2) produce the hydroxyl radical (OH•). 

13. Effect of glycine in hepatic regeneration in the presence of ethanol 
damage 
Recent studies have reported the beneficial effects of glycine, including protection against 
toxocity induced by anoxia and oxidative stress caused by several toxic agents for the cell, 
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including ethanol. These investigations have demonstrated that glycine blocks the increase 
of Calcium (Ca2+) in hepatocytes, caused by agonists released during stress, such as 
Prostaglandin E2 (PGE2) and the adrenergic hormones (Qu et al., 2002). 

It is known that the early, ethanol consumption-related hepatic-damage phase is 
characterized by steatosis, inflammation, and necrosis, which are principally mediated by 
resident Kupffer cells in liver macrophages (Yin et al., 1998). Senthilkumar and colleagues 
(2004) in a model of ethanol-intoxicated rats administered with glycine, observed a significant 
diminution of total free fatty acid levels in the liver, in addition to a decrease in steatosis and 
necrosis after glycine administration (Senthilkumar & Nalini, 2004). In another study 
conducted by the same researchers, the latter demonstrate that treatment with glycine offers 
protection against FR-mediated oxidative stress in the membrane of erythrocytes, plasma, and 
hepatocytes of rats with ethanol-induced hepatic damage (Senthilkumar et al., 2004). 

It has been reported that glycine inhibits macrophage activation and TNF-α release; this 
amino acid prevents liver damage after chronic exposure to ethanol and attenuates the 
lipoperoxidation and glutathione depletion induced by diverse xenobiotics (Mauriz et al., 
2001). Kupffer cells in liver constitute 80% of the resident macrophages in the organism. 
Glycine blocks the systemic inflammatory process arising in a broad variety of pathological 
states, due to the activation of macrophages that release potent inflammatory mediators 
such as toxic cytokines and eicosanoids, which perform an important role in the progressive 
inflammatory response (Matilla et al., 2002). 

Prior studies have demonstrated that glycine administration prevents several forms of 
hepatic lesions; because it prevents the necrosis and the inflammation developed in the early 
phase during chronic ethanol administration, glycine’s mechanism of protection against 
damage involves the Kupffer cells (Ishizaki et al., 2004). As mentioned previously, Kupffer 
cell activation releases active substances such as NO, TNF-α, ROS, Interleukin β (IL-β), IL-6, 
and TGF, which cause potential damage to the liver; in particular, TNF-α, as a product of 
Lipopolysaccharide (LPS), plays an important role in the induction of hepatic damage on 
activating gene transcription factors of nuclear regulator cytokines such as NF-KB, which is 
related with the inflammatory response and which plays an important role in the activation 
of hepatic stellate cells (Mauriz et al., 2001). 

One probable hepatoprotector mechanism of glycine is due to that this amino acid activates 
the chloride channels, causing a diminution of  intracellular Calcium,(Ca2+) concentration in 
the Kupffer cells, which hyperpolarize the cell membrane, rendering the opening of voltage-
dependent Ca2+ channels difficult; in addition to inhibiting macrophage activation and 
TNG-α release, glycine prevents liver damage after chronic exposure to ethanol and 
attenuates lipoperoxidation and hepatotoxin-induced glutathione depletion (Senthilkumar 
& Nalini, 2004). It is well known that intracellular Ca2+ is important for activation and 
release of inflammatory cytokines. TNF-α production by Kupffer cells has been associated 
with an increase of Ca2+ (Ishizaki et al., 2004). 

14. Effect of vitamin E on liver regeneration in the presence of ethanol-
derived damage 
Vitamin E is well known for its antioxidant properties; these function as rupturing the 
antioxidant chain that prevents the propagation of FR reactions; this protects cells from 
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energy state of hepatic cells; these events are the origin of membrane destruction and cell 
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phosphorylase, and the endonucleases, which cause plasmatic membrane ruptures and 
DNA molecule fragmentation. On the other hand, the transitory elevation of intracellular 
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including ethanol. These investigations have demonstrated that glycine blocks the increase 
of Calcium (Ca2+) in hepatocytes, caused by agonists released during stress, such as 
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characterized by steatosis, inflammation, and necrosis, which are principally mediated by 
resident Kupffer cells in liver macrophages (Yin et al., 1998). Senthilkumar and colleagues 
(2004) in a model of ethanol-intoxicated rats administered with glycine, observed a significant 
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conducted by the same researchers, the latter demonstrate that treatment with glycine offers 
protection against FR-mediated oxidative stress in the membrane of erythrocytes, plasma, and 
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It has been reported that glycine inhibits macrophage activation and TNF-α release; this 
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2001). Kupffer cells in liver constitute 80% of the resident macrophages in the organism. 
Glycine blocks the systemic inflammatory process arising in a broad variety of pathological 
states, due to the activation of macrophages that release potent inflammatory mediators 
such as toxic cytokines and eicosanoids, which perform an important role in the progressive 
inflammatory response (Matilla et al., 2002). 

Prior studies have demonstrated that glycine administration prevents several forms of 
hepatic lesions; because it prevents the necrosis and the inflammation developed in the early 
phase during chronic ethanol administration, glycine’s mechanism of protection against 
damage involves the Kupffer cells (Ishizaki et al., 2004). As mentioned previously, Kupffer 
cell activation releases active substances such as NO, TNF-α, ROS, Interleukin β (IL-β), IL-6, 
and TGF, which cause potential damage to the liver; in particular, TNF-α, as a product of 
Lipopolysaccharide (LPS), plays an important role in the induction of hepatic damage on 
activating gene transcription factors of nuclear regulator cytokines such as NF-KB, which is 
related with the inflammatory response and which plays an important role in the activation 
of hepatic stellate cells (Mauriz et al., 2001). 

One probable hepatoprotector mechanism of glycine is due to that this amino acid activates 
the chloride channels, causing a diminution of  intracellular Calcium,(Ca2+) concentration in 
the Kupffer cells, which hyperpolarize the cell membrane, rendering the opening of voltage-
dependent Ca2+ channels difficult; in addition to inhibiting macrophage activation and 
TNG-α release, glycine prevents liver damage after chronic exposure to ethanol and 
attenuates lipoperoxidation and hepatotoxin-induced glutathione depletion (Senthilkumar 
& Nalini, 2004). It is well known that intracellular Ca2+ is important for activation and 
release of inflammatory cytokines. TNF-α production by Kupffer cells has been associated 
with an increase of Ca2+ (Ishizaki et al., 2004). 

14. Effect of vitamin E on liver regeneration in the presence of ethanol-
derived damage 
Vitamin E is well known for its antioxidant properties; these function as rupturing the 
antioxidant chain that prevents the propagation of FR reactions; this protects cells from 
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oxidative stress. Vitamin E is particularly important, protecting cells against 
lipoperoxidation, during which FR attack the fatty acids, causing structural damage to the 
membrane, resulting in the formation of secondary cytotoxic products such as MDA, among 
others (Jervis & Robaire, 2004). 

Since its discovery, α-tocopherol has shown to possess two important functions in the 
membrane: the first as a liposoluble antioxidant that acts to prevent FR damage to 
polyunsaturated acids, and the second, as a membrane stabilizing agent, which aids in 
preventing phospholipid-caused lesions. It has also shown to inhibit protein kinase C 
(Bradford et al., 2003). 

Studies in vitro in animals and in artificial membranes have demonstrated that tocopherols 
interact with polyunsaturated-lipid acyl groups, stabilizing the membranes and eliminating 
ROS and the subproducts of oxidative stress (Sattler et al., 2004). 

In vivo, vitamin E acts by rupturing the antioxidant chain and in this manner preventing 
propagation of damage to cell membranes that cause FR. This vitamin protects 
polyunsaturated fatty acids from biological membrane phospholipids and lipoproteins in 
plasma. When lipid peroxides oxidize and are converted into peroxyl radicals (ROO•), the 
phenolic OH‒

  tocopherol group reacts with an organic ROO• radical to form the 
corresponding organic hydroxyperoxide and the tocopheroxyl radical (Vit E-O•) (Shils et al., 
1999). 

α-Tocopherol inhibits the activity of monocyte protein kinase C, followed by inhibition of 
phosphorylation and translocation of the p47 cytosolic factor, damaging the NADPH-
oxidase assembly and O2

‒ production; α-tocopherol exerts an important biological effect on 
inhibiting the release of proinflammatory cytokines, interleukin 1β, and inhibition of the 5-
lipooxygenase pathway. 
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oxidative stress. Vitamin E is particularly important, protecting cells against 
lipoperoxidation, during which FR attack the fatty acids, causing structural damage to the 
membrane, resulting in the formation of secondary cytotoxic products such as MDA, among 
others (Jervis & Robaire, 2004). 

Since its discovery, α-tocopherol has shown to possess two important functions in the 
membrane: the first as a liposoluble antioxidant that acts to prevent FR damage to 
polyunsaturated acids, and the second, as a membrane stabilizing agent, which aids in 
preventing phospholipid-caused lesions. It has also shown to inhibit protein kinase C 
(Bradford et al., 2003). 

Studies in vitro in animals and in artificial membranes have demonstrated that tocopherols 
interact with polyunsaturated-lipid acyl groups, stabilizing the membranes and eliminating 
ROS and the subproducts of oxidative stress (Sattler et al., 2004). 

In vivo, vitamin E acts by rupturing the antioxidant chain and in this manner preventing 
propagation of damage to cell membranes that cause FR. This vitamin protects 
polyunsaturated fatty acids from biological membrane phospholipids and lipoproteins in 
plasma. When lipid peroxides oxidize and are converted into peroxyl radicals (ROO•), the 
phenolic OH‒

  tocopherol group reacts with an organic ROO• radical to form the 
corresponding organic hydroxyperoxide and the tocopheroxyl radical (Vit E-O•) (Shils et al., 
1999). 

α-Tocopherol inhibits the activity of monocyte protein kinase C, followed by inhibition of 
phosphorylation and translocation of the p47 cytosolic factor, damaging the NADPH-
oxidase assembly and O2

‒ production; α-tocopherol exerts an important biological effect on 
inhibiting the release of proinflammatory cytokines, interleukin 1β, and inhibition of the 5-
lipooxygenase pathway. 
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1. Introduction 
Orthotropic whole and split liver transplantation are successful and well-established 
treatments for liver disease. However, the short supply of donor organs is a major obstacle 
to the widespread use of this therapy (Merion, 2010). Recent research has focused on cell 
transplantation as a therapy for liver disease. Although only a small number of hepatocytes 
can be transplanted into the liver by transfusion into the portal circulation, the transplanted 
cells can regenerate the normal hepatic tissue when liver growth is impaired as a result of 
continuous hepatic damage (Roy-Chowdhury & Roy-Chowdhury, 2011; Gilgenkranz, 2010). 
A number of animal models have demonstrated that much of the liver can be replaced via 
repopulation by a small number of transplanted hepatocytes, which restore normal liver 
functions and improve recipient survival. Hepatocyte transplantation is therefore expected 
to be used as a therapy for human liver disease. To optimize the therapeutic application of 
hepatocyte transplantation, however, number of problems such as the methods to monitor 
and evaluate the functionality of the transplanted cells and the suppression of host 
immunological responses against the transplanted cells require mitigation. 

The cell transplantation model, which uses Fischer344 (F344) rats as donors and F344 
congenic analbuminemic (F344-alb) rats as recipients, provides an excellent system for the 
investigation of cell transplantation, because no immunosuppressants are required for cell 
transplantation. In addition, the transplantability can be accurately evaluated with 
immunohistochemistry to stain for albumin, using PCR to detect albumin mRNA and 
genomic DNA, and by measuring serum albumin protein. In this review, we describe the 
hepatocyte transplantation system that uses F344 and F344-alb rats to study the intrahepatic 
hepatocyte transplantation. 

2. Nagase analbuminemic rats (NARs) 
Analbuminemic rats (Nagase analbuminemic rats, NARs) were first established from 
Sprague Dawley (SD) rats by Nagase et al. (1979). NARs show extraordinarily low serum 
albumin, hyperlipidemia and hormonal changes. However, their growth and reproduction 
rates do not differ from those of normal rats. The amount of total serum protein in NARs is 
similar to that seen in normal rats due to the increase in proteins other than albumin. 
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Analbuminemia in NARs is an autosomal recessive trait. Therefore, the serum albumin 
levels are nearly normal in the F1 hybrids of NARs and normal rats. 

The molecular basis for analbuminemia in NARs is a deletion of base 5 to base 11 at the 5’ 
end of the 9th intron of the albumin gene (Figure 1A a) (Esumi et al., 1983). Most of the 
albumin mRNA in NARs shows a precise deletion of exon H, which is skipped during 
albumin pre-mRNA processing following the deletion in the 9th intron (Figure 1A b) 
(Shalaby & Shafritz, 1990). The deletion of exon H causes a frameshift in the mRNA and the 
occurrence of a translation termination signal at the 7th codon of exon I, preventing 
production of the albumin protein (Shalaby & Shafritz, 1990). 

 
Fig. 1. A. The structures of the albumin gene and mRNA in the Nagase analbuminemic rat 
(NAR). a. Seven base pairs (the 5th to 11th base pairs from the start of the intron) are deleted 
between exons H and I (9th intron). b. Exon H is skipped in most albumin mRNAs during 
albumin pre-mRNA processing (1). With aging and treatment with hepatocarcinogens, the 
levels of albumin mRNA transcripts that skip exons H and I (2) and exons G and H (3) 
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increase. B. Immunostaining for albumin in an F344 rat liver (a) and in young (b) and aged 
NAR livers (c). Albumin-positive hepatocytes are visible in the aged NAR  liver (c) and are 
usually present as single cells (inset) or two-cell clusters. 

In contrast to the hepatocytes of normal rats (Figure 1B a), hepatocytes of NARs are 
generally negative for immunohisotochemical staining of albumin (Figure 1B b). However, 
although NARs display extremely low serum albumin, albumin-positive hepatocytes 
sometimes can be seen in the liver tissue of NARs at low frequency. The number of such 
albumin-positive hepatocytes increases with aging (Figure 1B c) and after treatment with 
hepatic carcinogens (e.g. 3’-methyl-4-dimethylaminoazobenzene) (Makino et al., 1986). 
These albumin-positive hepatocytes are present as single or double cells in cross sections 
(Figure 1B c inset) and rarely form clusters consisting of more than three cells. These cells 
remain as single or double cells after liver regeneration following two thirds hepatectomy 
(PH), suggesting that albumin-positive hepatocytes may have a low proliferative capacity. 
Under these conditions, the prevalence of albumin mRNAs missing exons G and H and 
exons H and I increase along with exon H-skipped albumin mRNA (Figure 1A b). In 
addition, aberrant 60-kD albumin is generated in the liver (Kaneko et al., 1991). This 
abnormal albumin may be a translation product of mRNA that skips exons H and I, and 
may accumulate in the cytoplasm because of defects in extracellular albumin secretion, 
resulting in positive albumin immunostaining (Kaneko et al., 1991). 

3. F344-congenic analbuminemic rats (F344-alb rats) 
Although NARs are derived from SD rats, the SD rats consist of out-bred strains. Therefore, 
SD rats may be genetically heterogeneous. We first tried to transplant SD rat hepatocytes 
into an NAR liver without immunosuppressants. However, this experiment was 
unsuccessful, most likely because the SD rats were immunogenetically heterogeneous. Co-
cultured spleen cells from NARs and SD rats displayed a higher rate of cell proliferation 
compared to cells in NAR/NAR or SD/SD cultures (Yokota & Ogawa, 1978). These results 
indicate that the immunological rejection may occur after the transplantation of the SD 
hepatocytes into the NAR liver. 

In addition to the variety of abnormalities in serum proteins, lipids and hormones, NARs 
differ from SD rats in their susceptibility to tumorigenesis induced by chemical carcinogens 
in various organs. Notably, NARs are highly susceptible to urinary bladder tumors that are 
induced by N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) (Kakizoe et al., 1982) and less 
susceptible to hepatocarcinogenesis induced by diethylnitrosamine (DEN) and 2-
acetylaminofluorene (2-AAF) (Asamoto et al., 1989). It is not clear whether the difference in 
the susceptibility to chemical carcinogens is the result of the analbuminemia in NARs or of 
differences in the genetic backgrounds of NARs and SD rats. To reduce the genetic 
variability, Takahashi et al. (Takahashi et al., 1988) established F344-alb rats with the genetic 
background of F344 rats. F344-alb rats are highly susceptible to BBN-induced urinary 
tumors compared to F344 rats (Takahashi et al., 1988) and are equally sensitive to DEN-2-
AAF-induced hepatocarcinogenesis (Ohta et al., 1994). Because the only genetic difference 
between F344-alb rats and F344 rats is the aforementioned 7-base-pair deletion in the 
albumin gene in the F344-alb rats, the pairing of F344 and F344-alb rats can be used for cell 
transplantation without using immunosuppressants. 
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4. Hepatocyte transplantation using F344 and F344-alb rats 
To monitor the transplantability of hepatocytes in the liver, transplanted cells are detected 
using markers that are specifically expressed in the donor cells. For this purpose, various 
immunohistochemical and enzymatic histochemical procedures are used to visualize the 
proteins that are specifically expressed in the donor hepatocytes, such as E. coli -
galactosidase (-gal) (ROSA26-transgenic mice) (Mao et al., 1999) or green fluorescence 
protein (GFP-transgenic mice) in the normal mouse liver (Chiocchetti et al., 1997), dipeptidyl 
peptidase IV (DPPIV) in the DPPIV-/- rat liver (Gupta et al., 1995) and fumarylacetoacetate 
hydrolase (FAH) protein in the FAH-/- mouse liver (Hamman et al., 2005). When combining 
cells from a male donor and a female recipient, Y chromosome-specific in situ hybridization 
techniques are also useful (Eckert et al., 1995). 

In the F344/F344-alb model, albumin-positive donor F344 hepatocytes in the F344-alb liver 
are detected using immunohistochemical staining of albumin and PCR-based techniques 
detecting normal albumin mRNA and genomic DNA. In addition, the functionality of F344 
hepatocytes can be repeatedly evaluated by taking blood samples and examining the 
elevation of serum albumin levels. 

In immunohistochemical staining for albumin, the technique used for tissue fixation is 
important because albumin tends to diffuse out of hepatocytes during tissue fixation. We 
usually fix the liver tissues by perfusing periodate-lysine-paraformaldehyde (PLP) fixative 
through the portal vein. We then incubate the sliced hepatic tissues in the same fixative 
overnight at 4℃ and then embed the tissues in paraffin (Ogawa et al., 1993). These 
procedures preserve the antigenicity of albumin and the morphological integrity of hepatic 
tissues. Antibodies that specifically recognize rat albumin are commercially available.  

Donor F344 hepatocytes can also be detected by RT-PCR targeting normal albumin mRNA 
(Ohta et al., 1993a). Because albumin mRNA in F344-alb rats lacks exon H, RT-PCR with 
primers targeting exons G and I amplify both the normal and the short albumin mRNA 
from RNA that is isolated from recipient livers. In addition, primers targeting exons H and I 
specifically amplify normal albumin mRNA. Because the expression levels of exon H-
skipped albumin mRNA in the F344-alb liver are low but relatively constant, the small 
amounts of normal albumin mRNA in the recipient F344-alb rat livers can be quantified 
using abnormal albumin mRNA as an internal standard (Ohta et al., 1993a). 

The donor-derived F344 hepatocytes can also be detected by the amplification of the 
albumin genomic DNA sequences using DNA isolated from the recipient livers (Ogawa et 
al., 1993). Because of the 7-base-pair deletion in the 9th intron of the analbuminemic albumin 
gene, PCR amplification of amplicons spanning these sequences can differentially detect 
normal and abnormal genes, which can be used to quantify the expression of the normal 
albumin gene, using the abnormal albumin gene as an internal control (Ogawa et al., 1993). 
This method is applicable to hepatocytes and other cell types, such as bone marrow cells 
(Arikura et al., 2004; Inagaki et al., 2011). 

The functionality of the transplanted F344 hepatocytes is evaluated based on the increased 
serum albumin levels in the recipients. Because the serum albumin level in F344-alb rats is 
extremely low, a small increase in albumin is detectable by sensitive methods such as the 
enzyme-linked immunosorbent assay (ELISA). However, conventional gel-electrophoretic 
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assays are unsuitable because the serum of F344-alb rats contains proteins with molecular 
weights similar to that of albumin, and the levels of other proteins may increase to 
compensate for the lack of albumin (Ohta et al., 1993b). Therefore, conventional gel 
electrophoretic assays may falsely detect protein levels that are much higher than those of 
the actual albumin levels. 

5. Changeability of phenotype of hepatocytes in vivo and in vitro 
Cultured hepatocytes differ from hepatocytes in vivo with respect to many properties. They 
often lose specific functions such as the production of albumin and the activity of tyrosine 
aminotransferase and cytochrome P-450, and gain bile duct epithelium-specific functions 
such as cytokeratin 19 expression (Block et al., 1996). This difference may arise because gene 
expression in hepatocytes is strongly influenced by the culture environment, which may 
activate specific transcription factors (e.g. AP1 and NFB). In addition, the signals mediated 
by the extracellular matrix influence gene expression in hepatocytes in vitro (Serandour et 
al., 2005; Fasset et al., 2006; Kim et al., 2003). We studied whether the altered phenotype of 
cultured hepatocytes reverts to that in vivo when the cells are reimplanted into the body 
(Nishikawa et al., 1994). To investigate this problem, two markers were used, one of which 
is newly expressed and the other is suppressed in cultured hepatocytes, by the F344/ F344-
alb transplantation model. 

F344 hepatocytes were cultured on hydrophobic plastic dishes to form spheroidal 
aggregates. Within 3 days of culture, the hepatocytes formed spheroidal aggregates of 
approximately 50 to 100 m in diameter, most of which were detached from the bottom and 
floated freely in the medium. After 5 days of culture, the spheroidal hepatocyte aggregates 
were harvested and implanted into livers and spleens of F344-alb. The hepatocytes in the 
liver tissue of F344 rats are positive for p450 (CYP2C6), which is extensively expressed in 
normal rat hepatocytes (Figure 2C), as well as albumin (Figure 2A), but these cells were 
completely negative for the placental form of glutathione S-transferase (GST-P), which is 
one of the glutathione S-transferases that plays an active role in the detoxification of 
xenobiotics and noxious products generated after tissue damage (Sato, 1999) (Figure 4B). 
Five days after the start of culture, although albumin expression was maintained in the 
hepatocytes in spheroidal aggregates (Figure 2D), GST-P was strongly positive in the 
nucleus (Figure 2E), but P-450 was completely negative (Figure 2F). 

After intrahepatic transplantation, the transplanted hepatocytes could be identified by 
albumin staining within the recipient livers (Figure 2G). On day 5-10 after transplantation, 
most of the transplanted F344 hepatocytes were located at the portal veins. These cells were 
firmly attached to their walls and covered by endothelial cells, while some were occasionally 
observed integrated into the interlobular connective tissue. Most transplanted hepatocyes 
became completely negative for GST-P staining (Figure 2H), while P-450 was detected in all 
of the transplanted hepatocytes at an expression level equivalent to that of the surrounding 
host hepatocytes (Figure 2I). After intrasplenic transplantation, most hepatocytes migrated 
into the red pulps on days 5-10. These hepatocytes were stained positive for albumin (Figure 
2J), still weakly positive for GST-P (Figure 2K) and strongly positive for P-450 which 
generally gave a more intense signal than in the hepatocytes of F344 livers (Figure 2L). 

These results indicated that the phenotype of cultured hepatocytes returned to that of 
hepatocytes in vivo after implantation into intrahepatic and intrasplenic environments. 
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However, GST-P expression in the cultured hepatocytes was more rapidly extinguished 
when these cells were transplanted into the liver than into the spleen, and P-450 was more 
intensely expressed in the spleen than the liver, possibly as a result of differences in the 
environmental factors between these two organs. Although hepatocyte transplantation 
would appear possible to various organs other than the liver, the liver is considered to the 
most likely site for transplanted hepatocytes to return to physiologic functioning.  

 

 
 

Fig. 2. Immunohistochemical staining for albumin, GST-P and P-450 (CYP2C6) in the hepatic 
tissue of F344 rat (A, B and C), spheroidal aggregates of F344 hepatocytes 5 days after the 
start of culture (D, E and F), and transplants of the cultured F344 hepatocytes in the liver 
(arrows in G, H and I) and spleen of F344-alb rats (J, K and L). A, D, G and J: albumin 
staining; B, E, H and K: GST-P staining; C, F, I and L; P-450 (CYP2C6) staining. 
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6. The effect of a continuous increase of serum albumin in analbuminemic 
rats 
Albumin plays an important role in the maintenance of plasma osmotic pressure, and assists 
in the transport of various substances such as hormones, fatty acids, bilirubin, iron and 
other metals, and exogenous drugs. In spite of the absence of albumin, however, 
analbuminemic rats are generally healthy, showing none of the anticipated signs of 
disturbed physiology, such as edema and jaundice. This may be so fit because other serum 
proteins take the place of albumin. In analbuminemic rats, the total serum protein is usually 
normal because of increases in other serum proteins (Nagase et al., 1979). As the degree of 
increase is not uniform for all proteins, the electophoretic pattern of the non-albumin 
fractions is quite different from that of normal rats. The major elevated components 
involved are 1-trypsin, 2-macroglobulin, -X protein, transferrin, ceruloplasmin, 
fibrinogen and immunoglobulins.  

We investigated whether a continuous increase of serum albumin can normalize the unique 
patterns of serum proteins in analbuminemic rats (Ohta et al., 1993b). When carcinogen-
induced preneoplastic hepatocytes isolated from hyperplastic hepatic nodules (HPN) of 
F344 rats were transplanted into F344-alb livers (Figure 3A), they could be induced to grow 
rapidly by application of the Solt and Farber regimen; sometimes these nodules progressed 
into hepatocellular carcinoma (HCC) (Ohta et al., 1994). As HPN and HCC cells can produce 
albumin and other serum proteins, this procedure allows the investigation of changes in serum 
protein content in analbuminemic rats under the condition in continuous albumin elevation. 

The livers of all the F344-alb rats that had received F344 HPN cells contained a large number 
of HPN cells at 6 weeks (Figure 3B). At 12 months after transplantation, some recipients had 
HCC in addition to HPN. The transplanted cells were estimated to occupy aprpximately 
6.0+1.4% and 30.0+10.0% of the total liver mass of the recipients at 6 weeks and 12 months, 
respectively. Serum albumin in F344-alb rats with HPN cell transplantation reached 7.0±2.4 
mg/ml at 6 weeks and 38.8±7.9 mg/ml at 12 months; the latter number was comparable to 
or even higher than the values seen in normal F344 rats (34.0 ±0.2 mg/dl). 

Although total serum protein in untreated F344-alb rats (6.8±0.4 g/dl) was similar to that in 
the untreated F344 rats (6.7±0.3 g/dl), electrophoresis of the serum proteins of the untreated 
F344-alb rats revealed that the ,  and fractions were elevated (Figure 3C a, b). On the 
other hand, although total serum protein in recipient F344-alb rats was almost at the normal 
level (7.0±0.4 g/dl) 6 weeks after transplantation, it was significantly higher at 12 months 
(10.4+2.1 g/dl) in these rats than in untreated F344 or F344-alb rats. Electrophoresis of the 
serum of F344-alb rats with HPN cell transplantation showed that albumin was clearly 
increased in the transplanted F344-alb cases, but the patterns of non-albumin fractions were 
unchanged compared with untreated F344-alb rats (Figure 3C b, c). 

These results demonstrated that after transplantation of F344 HPN cells into F344-alb rats, 
although albumin was persistently elevated, the F344-alb-specific pattern of non-albumin 
fractions remained and was sometimes accompanied by an increase in total serum protein. 
The serum albumin level is determined by its synthesis, secretion, distribution and 
degradation in normal animals. When an excess of serum albumin is achieved by 
intravenous infusion of albumin in normal rats, both degradation and urinary excretion 
were increased (Rothschild et al., 1988). In contrast, the half-life of infused albumin is greatly 
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extended in analbuminemic humans and rats, although the half-life of other plasma proteins 
is normal (Inoue, 1985). It is thus possible that the lack of albumin causes an involution of 
the ability to maintain a normal albumin levels in analbuminemic rats. Additionally, 
albumin produced by the transplanted HPN cells may accumulate because of slow 
degradation or impaired urinary excretion, causing hyperalbuminemia in some recipients. 

 
Fig. 3. The effect of continuous serum albumin elevation in F344-alb rats. A. Experimental 
procedure for transplantation of F344 HPN cells into the liver of F344-alb rats. Hatched box: 
dietary 2-acetylaminofluorene (2-AAF) treatment.  PH/HPN-Tx: transplantation with HPN 
cells via the portal vein immediately after PH. X: sacrifice. B. Albumin immunostaining of a 
recipient F344-alb liver 6 weeks after F344 HPN cell transplantation. C. Densitometric 
analyses of electrophoretic patterns of serum proteins of untreated F344 and F344-alb rats, 
and as well as the F344-alb rats 12 months after HPN cell transplantation. 

7. Hepatocytes derived from bone marrow cells 
Hematopoietic cells contribute to the generation of hepatocytes in the liver. This process is 
thought mediated by the direct transdifferentiation of bone marrow cells into hepatocytes 
(Theise et al., 2000), the indirect transdifferentiation of bone marrow cells into oval cells that 
have the potential to give rise to mature hepatocytes during the cholangiocellular lineage 
(Oh et al., 2007), and the transfer of genetic materials from bone marrow cells to recipient 
hepatocytes by cell fusion (Wang et al., 2003). Using the analbuminemic rat model, we 
investigated whether bone marrow cells gave rise to hepatocytes during post-PH liver 
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regeneration (Arikura et al., 2004). In this process, the original hepatic mass is mainly 
regenerated by the division of resident hepatocytes. 

The livers of one group of F344-alb rats were infused with F344 bone marrow cells via the 
portal vein immediately after PH (Figure 4A c). The bone marrow of another group of F344-
alb rats were hematopoietically reconstituted using whole-body X-irradiation and F344 bone 
marrow cell transplantation with PH following 4 weeks later (Figure 4A d). Untreated F344-
alb rats (Figure 4A a) and those treated with PH alone (Figure 4A b) served as controls. Four 
weeks after PH, although single cells or two-cell clusters of albumin-positive hepatocytes 
were seen regardless of bone marrow cell transplantation or PH status in both the control 
and experimental groups (Figure 4B a), clusters of more than 3 albumin-positive hepatocytes 
were observed in the livers of recipients that had undergone either bone marrow cell 
transplantation at the time of PH (Figure 4B b, c) or prior bone marrow reconstitution 4 
weeks before PH. Normal albumin mRNA was detected in the RNA that was isolated from 
the livers of recipient F344-alb rats (Figure 4C a). Normal albumin gene sequences were also 
detected by PCR in DNA that was isolated from the micro-dissected albumin-positive 
hepatocyte clusters (Figure 4C b). In a female F344-alb rat that had been transplanted with 
male F344 bone marrow cells, albumin-positive hepatocyte clusters in the liver were positive 
for the Y chromosome marker Sry3 (Figure 4D a, b). 

 
Fig. 4. Detection of bone marrow cell-derived hepatocytes in the F344-alb livers.  
A. Experimental groups: a. untreated F344-alb rats; b. F344-alb rats with PH alone; c. F344-
alb rats with F344 bone marrow cell transplantation (BMC-Tx) immediately after PH; d. 
F344-alb rats with bone marrow reconstitution by whole-body X-irradiation (RD) and F344 
BMC-Tx followed by PH four weeks later. B. Immunohistochemical staining of the hepatic 
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tissues for albumin; a. untreated F344-alb rats [Group a in (A)]; b. F344-alb rats with BMC-
Tx immediately after PH [Group c in (A)] 2 weeks  after PH/BMC-Tx.; c. The same group 
[Group c in (A)], 4 weeks after PH/BMTx.]. C. a. RT-PCR for albumin mRNA using the 
primers at exons G and I on RNA isolated from the liver and bone marrow of F344 and 
livers of untreated F344-alb, F344-alb with PH and F344-alb with PH plus BMC-Tx (2 and 4 
weeks, Group c) (upper panel). Although only the exon H skipped albumin mRNA was 
amplified from the RNAs of control and transplanted F344-alb livers (middle panel), 
Southern blot analysis of the above PCR products using the exon H probe detected the 
normal albumin mRNA in the F344-alb livers with BMC-Tx (lower panel).  
b. PCR-based detection of normal albumin gene sequence from DNA isolated from an 
albumin positive hepatocyte cluster in F344-alb liver with RD plus BMC-Tx→PH (Group d) 
using the primers at exons H (forward) and I (reverse). D. Sly3 in situ hybridization. a. 
Albumin immunostaining of female F344-alb liver with RD/male BMC-Tx→PH (Group d). 
b. Sly3 in situ hybridization in the contiguous section of a. 

We also investigated whether hematopoietic stem cells mobilized from the bone marrow 
into the peripheral blood can give rise to hepatocytes in the regenerating liver after PH 
(Huiling et al., 2004). The donor F344 rats were repeatedly treated with the recombinant 
granulocyte colony stimulating factor (G-CSF). Mononuclear cells were isolated from the 
peripheral blood and infused into the portal veins of F344-alb rats immediately after PH. 
Clusters of more than 3 albumin-positive hepatocytes and normal albumin mRNA and 
genomic DNA sequences were detected in the livers of recipient F344-alb rats. 

These results demonstrate that F344 bone marrow cells can give rise to albumin-positive 
hepatocytes during liver regeneration after PH in F344-alb rats. However, the number of 
albumin-positive hepatocyte clusters was estimated to be 1000-2000 cells in the whole liver, 
accounting for 0.003-0.004% of the entire hepatic volume. Therefore, bone marrow cells play 
only a minor role in liver regeneration after PH. Interestingly, we detected large clusters of 
more than 50 albumin-positive hepatocytes; these clusters may consist of  about 360 cells. 
Because hepatocytes divide one or two times after PH to restore the original hepatic mass, 
we hypothesized that some of the bone marrow-derived hepatocytes have a high 
proliferative capacity. 

8. Protection from liver injury by bone marrow cell transplantation without 
liver repopulation 
In the liver injury model in which the animals are pretreated with retrorsine (RS) followed 
by PH, transplanted hepatocytes repopulate the liver to replace a large hepatic mass with 
donor hepatocytes within 2-4 months (Laconi et al., 1998). However, bone marrow cell 
transplantation yields few or no donor bone marrow-derived hepatocytes in RS/PH treated 
animals (Wagers et al., 2002). Therefore, we investigated the effects of hepatocyte 
transplantation and bone marrow transplantation on RS/PH-treated livers using the 
analbuminemic rat model (Zhang et al., 2007).  

F344-alb rats were given two doses of RS two weeks apart followed by PH in the 4th week 
(Figure 5A b). F344-alb rats that had received PH alone were used as controls (Figure 5A a). 
As expected, the RS/PH-treated rats showed a high mortality rate (survival rate 35%), with 
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death occurring between 1 and 11 days after PH, whereas all of the control animals survived 
(Figure 5B). Serum AST, ALT and bilirubin levels were elevated two days after PH (Figure 
5C), and the liver tissue showed marked histological damage. In contrast, when hepatocytes 
(via the portal vein) or bone marrow cells (via the portal or penile vein) were transplanted 
immediately after PH in RS-treated F344-alb rats, the survival rate was significantly improved; 
the improvement was 50% for hepatocyte transplantation and 72.5% for bone marrow cell 
transplantation (Figure 5B). The liver function test results for these recipient F344-alb rats 
revealed that the AST, ALT and bilirubin values two days after PH were lower than those of 
the RS/PH-treated F344-alb rats without cell transplantation, and the levels in the recipient 
F344-alb rats were almost comparable to those of the untreated F344-alb rats or F344-alb rats 
with PH alone (Group a) (Figure 5C). Furthermore, the histological damage to the liver tissue 
was less than that seen in RS/PH-treated F344-alb liver tissue without cell transplantation. 

 
Fig. 5. The effects of hepatocyte transplantation (HC-Tx) and bone marrow cell 
transplantation (BMC-Tx) in the retrorsine (RS)/PH-induced hepatic injury model. A. 
Experimental groups: a. F344-alb rats with PH alone; b. F344-alb rats treated with two doses 
of RS (30 mg/kg of body weight) 2 weeks apart followed by PH two weeks after the second 
RS treatment; c. F344-alb rats treated with two doses of RS followed by treatment with PH 
and HC-Tx; d. F344-alb rats treated with two doses of RS followed by treatment with PH 
and BMC-Tx. B. Survival curve. Most RS/PH-treated F344-alb rats (Group b) died 1-11 days 
after PH, but the survival rate was significantly higher in the RS/PH-treated F344-alb rats 
given HC-Tx (Group c) or BMTx (Group d). The numbers in parentheses show survival vs. 
total numbers of F344-alb and their survival rate 28 days after PH, PH/HC-Tx or PH/BMC-
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and BMC-Tx. B. Survival curve. Most RS/PH-treated F344-alb rats (Group b) died 1-11 days 
after PH, but the survival rate was significantly higher in the RS/PH-treated F344-alb rats 
given HC-Tx (Group c) or BMTx (Group d). The numbers in parentheses show survival vs. 
total numbers of F344-alb and their survival rate 28 days after PH, PH/HC-Tx or PH/BMC-
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Tx. C. Liver function tests. TB: Total bilirubin, DB: direct bilirubin, ALT: alanine 
aminotransferase, AST: aspartate aminotransferase. D. Albumin immunostaining in the 
F344-alb livers. a. RS+PH/HC-Tx (Group c).  b. RS+PH/BMC-Tx (Group d). 

In the RS/PH-treated F344-alb rats that received hepatocyte transplantation (Group c), the 
liver tissue was extensively replaced by albumin-positive F344 hepatocytes (Figure 5D a), 
the serum albumin level was increased almost to the level of normal rats, and normal 
albumin mRNA was detected in the liver four weeks after PH. The liver regeneration rate in 
these rats was almost comparable to the rate in F344-alb rats that underwent PH alone. 
However, in the RS/PH-treated F344-alb rats treated with bone marrow cell transplantation 
(Group d), only small clusters of albumin-positive hepatocytes were detected (Figure 5D b). 
These results are similar to the results seen in rats treated with simultaneous PH and bone 
marrow transplantation or with bone marrow reconstruction followed by PH as described 
above (Figure 4B). Furthermore, the liver regeneration rate in the RS/PH-treated animals 
with bone marrow cell transplantation was as low as that in the RS/PH-treated F344-alb rats 
without cell transplantation. 

Our results indicate that, although the bone marrow-derived hepatocytes do not extensively 
repopulate the RS/PH-treated liver, they can prevent RS/PH-induced liver injury and 
increase the potential for recipient survival. Factors derived from the bone marrow cells and 
hepatocytes may suppress RS/PH-induced liver injury, the mechanism of which remains 
elusive. Because it takes time for transplanted hepatocytes to repopulate the liver and 
restore hepatic functions, bone marrow cell transplantation may prevent recipient death 
from liver injuries that occurs during the period before the transplanted hepatocytes can 
repopulate the liver.  

9. Induction of immunotolerance for allogeneic hepatocytes by donor bone 
marrow cell transplantation 
One of the main challenges that limit the efficiency of hepatocyte transplantation is the large 
cellular loss after transplantation. The majority of hepatocytes infused into the portal 
circulation are trapped within the hepatic vessels and cleared by granulocytes, macrophages 
and Kupffer cells. Therefore, only a small number of infused hepatocytes are integrated into 
the host hepatic tissue (Han et al., 2009; Okazaki et al., 2008). Moreover, the transplanted 
allogeneic hepatocytes activate the adaptive immune system of the recipients, thereby 
activating immunological mechanisms thus contribute to the elimination of these 
hepatocytes (Han et al., 2009; Okazaki et al., 2008; Bumgardner & Orosz, 2000). However, 
when host bone marrow is reconstituted using donor bone marrow cells, successful 
transplantations of allogeneic hepatocytes have been conducted between mouse strains 
expressing disparate major histocompatibility complex proteins (Vidal et al., 2008). For bone 
marrow reconstitution, intra-bone marrow bone marrow cell injection is more efficient than 
intravenous bone marrow cell transfusion (Ikehara, 2005). 

We investigated the effect of hematopoietic reconstruction on allogeneic hepatocyte 
transplantation using Lewis (LEW) rats as donors and F344-alb rats as recipients (Inagaki et 
al., 2011); these types of rats express disparate major histocompatibility complex protein. As 
described above, when syngeneic F344 hepatocytes were transplanted into the liver of RS 
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plus PH F344-alb rats (Figure 6A a), the large hepatic mass was replaced by albumin-
positive hepatocytes (Figure 6B a). In addition, the serum albumin levels were increased, 
and no inflammatory changes were observed in the liver four weeks after transplantation. In  

 
Fig. 6. The tolerance of allogeneic hepatocyte-mediated liver repopulation. A. Experimental 
groups: a: syngeneic F344 HC-Tx in RS/PH-treated F344-alb rats; b: allogeneic LEW HC-Tx 
in RS/PH-treated F344-alb rats; c: allogeneic LEW HC-Tx in RS/PH-treated F344-alb rats 
that received LEW BMC-Tx via intravenous transfusion (IV-BMC-Tx); d: allogeneic LEW 
HC-Tx in RS/PH-treated F344-alb rats that received LEW BMC-Tx by intra-bone marrow 
injection (IBM-BMC-Tx). B. Immunohistochemical staining for albumin in recipient F344-alb 
livers: a: F344-alb rats treated with syngeneic F344 HC-Tx [Group a in (A)]; b: F344-alb rats 
treated with allogeneic LEW HC-Tx [Group b in (A)]; c: F344-alb rats treated with allogeneic 
HC-Tx and prior IBM-BMC-Tx [Group d (A)]. C. PCR analysis of bone marrow 
reconstitution using the primers at albumin gene exons H and I and DNA isolated from the 
bone marrow cells of untreated F344 and F344-alb rats, as well as F344-alb rats treated with 
IBM-BMC-Tx [Group d (A)]. 

contrast, transplantation of allogeneic LEW hepatocytes into F344-alb rats (Figure 6A b) did 
not induce the repopulation of albumin-positive hepatocytes in recipient livers (Figure 6B 
b). In addition, serum albumin levels did not increase, and inflammatory cell infiltration was 
observed in the portal areas of recipient livers. When the bone marrow of the recipient F344-
alb rats was reconstituted using LEW bone marrow cells (Figure 6A c, d), albumin-positive 
hepatocytes repopulated the livers of 1 of 6 F344-alb rats that underwent intravenous bone 
marrow cell transfusion and 6 of 6 F344-alb rats that underwent intra-bone marrow bone 
marrow cell injection (Figure 6B c). The latter was associated with increased serum albumin 
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levels. Although slight inflammatory cell infiltration was observed in the portal areas of the 
recipient livers, no inflammatory changes were detected in the areas repopulated with 
albumin-positive hepatocytes. When quantitative PCR was used to test bone marrow 
reconstitution in the recipient F344-alb rats for the normal and analbuminemic albumin gene 
sequences, 6 of 6 F344-alb rats showed bone marrow reconstitution after intra-bone marrow 
injection (Figure 6C). In contrast, only 1 of 6 F344-alb rats that underwent intravenous bone 
marrow cell transfusion showed bone marrow reconstitution. The albumin-positive 
hepatocyte repopulation and the increase in serum albumin levels depended completely on 
bone marrow reconstitution by the donor bone marrow cells. 

These results indicate that liver repopulation via allogeneic hepatocyte transplantation 
without the use of immunosuppressants is possible if the recipient bone marrow is 
efficiently reconstituted using donor bone marrow cells. Intra-bone marrow injection of 
bone marrow cells induces bone marrow reconstruction in a manner that is more efficient 
than does intravenous transfusion. 

10. Conclusion 
Mito et al. (1978) completed the first successful hepatocyte transplantation in the rat 
spleen 33 years ago. Since then, cosiderable progress has been made in the field of hepatic 
cell transplantation research. Notably, it has been demonstrated that hepatocytes can be 
transplanted into the liver and can regenerate the diseased host liver. The use of 
hepatocyte transplantation is therefore expected to expand as a therapy for human liver 
disease. For cell transplantation to be used as a human therapy, further investigation is 
required to address number of problems including efficient ways to suppress the innate 
and acquired immune responses to the transplanted cells and the short- and long-term 
risks such as malignant transformation. The F344/F344-alb model provides a useful tool 
for studies of hepatocyte transplantation in the liver because it can be used to accurately 
trace the fate and functionality of the transplanted cells. Bone marrow cell transplantation 
may facilitate cell transplantation therapy via the hepatogenic potential of hematopoietic 
cells, the putative protective paracrine actions in the liver and the induction of donor-
specific immuno-tolerance. A shift from orthotropic liver transplantation, if in part, to 
hepatocyte transplantation will yield new opportunities to develop therapies for human 
liver disease. 
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1. Introduction 
The recent development of small animal models for experimental hepatotropic infection has 
opened new perspectives for the evaluation of novel therapeutic and/or prophylactic 
compounds against hepatitis B virus (HBV), hepatitis C virus (HCV) and Plasmodium 
falciparum, three major hepatic pathogens responsible for millions of deaths each year. 
Indeed, till now in vitro and in vivo models have their limitations. As example, primary 
human hepatocytes (PHH) are susceptible to infection by HBV (Gripon et al 1988), HCV 
(Fournier et al 1998) and by sporozoites (the hepatic stage of Plasmodium falciparum) 
(Mazier et al 1985), but are hampered by a rapid dedifferentiation of the PHH (the loss of 
differentiation leads to a loss of susceptibility to infection) and the difficulties of obtaining 
fresh cells. In vivo, the chimpanzee constitutes the best non-human primate which can be 
used for studies of HBV, HCV and Plasmodium falciparum (Dandri et al 2005b; Kremsdorf 
& Brezillon 2007; Moreno et al 2007), but multiple drawbacks, including ethical issues, the 
inability to produce numerous progeny in a short time (long gestation periods) and 
exorbitant housing and breeding costs render difficult the accessibility. 

For a long time, liver cell transplantation was just a dream; fortunately, experimental 
biology as led researchers to create new challenging mouse models. Indeed, generation of 
new mouse models for human hepatocyte transplantation have permitted, for the first time, 
experimental manipulations of human hepatotropic pathogens of man which are immediate 
problems of human health, as well as the study of cell transplantation in a regenerative 
medicine perspective. Here, we will focus on the development of humanized mice models 
using hepatocyte transplantation to study the three major hepatic pathogens. 

2. Transplanted hepatic cells can replace a diseased liver in mice 
Few papers laid the foundations for the entire field of liver cell transplantation in mouse. 
They described and applied a genetic-based animal model for competitive liver regeneration 
where exogenous transplanted hepatocytes have a selective advantage and can replace the 
diseased tissue. Two mice models were described: transgenic mice expressing high levels of 
uPA (urokinase-Plasminogen Activator) (Rhim et al 1994) and mice deficient for the fumaryl 
acetoacetate hydrolase (FAH) (Grompe et al 1993) (Fig. 1). 
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Fig. 1. Steps in the creation mouse models for liver cell transplantation and for infection by 
liver pathogens. The arrow represents a timeline. Each box represents an independent and 
initial study describing a mouse model to study liver cell transplantation and the infection of a 
humanized model by a hepatotropic pathogen. If a group of boxes are connected through the 
same line to the timeline this means that these studies were published the same year. 

2.1 uPA mouse model 

The initial observation that opened up the field of liver cell transplantation was 
serendipitous. With the goal of establishing an in vivo system to analyze the coagulation and 
fibrinolytic systems, Heckel et al. produced transgenic mice expressing high levels of uPA 
(urokinase-Plasminogen Activator) under control of the albumin enhancer/promoter for 
liver specific expression (Heckel et al 1990) (Fig.2). 

As expected, the transgenic animals showed elevated plasma uPA levels, which often 
provoked a lethal syndrome of neonatal bleeding, causing the death of numerous transgenic 
founders. Sandgren et al. observed that some transgenic animals were characterized by a 
gradual normalization of the liver function over the first weeks (Sandgren et al 1991). The 
authors concluded that transgene expression was toxic to hepatocytes, and that the 
surviving animals were viable because deletion of the transgene was occurring, followed by 
clonal expansion of the rare cells that had lost the deleterious gene. Indeed, even in animals 
with only a few red spots, the existence of only a few “cured” cells was sufficient to ensure 
replacement of the diseased liver, providing an in vivo demonstration of the unexpectedly 
high proliferative potential of adult liver cells. 

The same team then demonstrated the ability of a small number of “normal” hepatocytes to 
repopulate ad-integrum the liver of transgenic uPA mice (Sandgren et al 1991). Indeed, the 
overexpression of uPA protein in hepatocytes is cytotoxic, giving rise to a continuous liver 
regeneration process. Under these conditions, hepatocytes which lose the transgene by 
somatic reversion, as well as healthy transplanted hepatocytes, have a strong survival 
advantage over resident cells (Rhim et al 1994; Sandgren et al 1991). Throughout the 
regenerative process, the liver size remained normal, and blood chemistry analyses were 
used to demonstrate that the engrafted cells were functionally competent. Finally, the 
authors included an important control to demonstrate that the transplanted liver cells 
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underwent expansion only in the Alb-uPA transgenic and not in normal livers, leading to the 
critical deduction that a regenerative stimulus, that persists in the transgenic mice from birth 
until 6 to 8 weeks, when the transgene expressing liver has been replaced by donor cells, or 
endogenous hepatocytes deleted for the transgene, was necessary to obtain clonal expansion of 
the transplanted cells. To complete the picture, Rhim et al. introduced the nude gene into the 
Alb-uPA mice, and used homozygous as well as hemizygous transgenics to demonstrate that 
xenogenic hepatocytes from rats could reconstitute the diseased livers (Rhim et al 1995). 

 

Fig. 2. The Alb-uPA model. Urokinase-type Plasminogen Activator overexpression induces 
continuous liver cytolysis and regeneration. Gross appearance of liver of Alb-uPA 
transgenic mice at different time after birth demonstrating somatic reversion of the 
transgene. Left, homozygous transgenic liver displaying a uniformly white color; center, 
hemizygous transgenic liver with regeneration nodules, right, non transgenic control. 

Based on their proven utility as hosts for liver repopulation, Alb-uPA transgenic mice were 
backcrossed onto an immunodeficient background (SCID, Rag2-/- or Rag2-/-/Pfp-/-) to obtain 
a mouse model which tolerated the xenotransplantation of Human, Woodchuck and Tupaia 
hepatocytes (Dandri et al 2001a; Dandri et al 2001b; Dandri et al 2005a; Meuleman et al 2005; 
Petersen et al 1998; Rhim et al 1994; Tateno et al 2004). Because of the reversion process 
occurring in heterozygous mice for the Alb-uPA transgene, optimum liver repopulation 
requires intrasplenic transplantation of high quality adult hepatocytes into mice that are 
homozygous for both the SCID trait and the Alb-uPA transgene, and within one or four 
weeks of birth. In these conditions, human hepatocytes engrafted and repopulated the 
mouse parenchyma. Resulting chimeric liver showed satisfactory hepatic architecture and 
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intermingling of the mouse and human subcellular structures, indicating a physiological 
integration of transplanted cells (Meuleman et al 2005; Tateno et al 2004). 

2.2 FAH mouse model 

Fumaryl acetoacetate hydrolase (FAH) deficiency causes the human disease hereditary 
tyrosinaemia type I, an enzyme implicated in the degradation pathway of tyrosine, leading 
to the accumulation in the liver of toxic metabolites. The inhibitor 2-(2-nitro-4-trifluoro-
methylbenzyol)-1,3 cyclohexanedione (NTBC) blocks this pathway at the beginning 
preventing the generation of these metabolites (Lindstedt et al 1992). Grompe et al. constructed 
mice with FAH deficiency and described that the NTBC, with treatment begun in utero and 
maintained thereafter, permitted not only survival of the animal, but also normalized the liver 
function of the deficient mice (Grompe et al 1993; Grompe et al 1995) (Fig. 3). 

 
Fig. 3. The FAH model. Fumaryl acetoacetate hydrolase deficiency induces liver toxicity 
which is blocked by NTBC administration. Mice are submitted to intrasplenic injection of 
hepatocytes and NTBC drug is withdrawn.  

The FAH model was then used for liver transplantation freshly isolated hepatocytes from 
wild type congenic animals; as in the experiments using the Alb-uPA model, data reported 
by Overturf et al. demonstrate that a selective advantage of transplanted cells is necessary to 
obtain repopulation (Overturf et al 1996).  

Until recently the transplantation of human hepatocytes into this mouse was not successful: 
FAH/nude, FAH/NOD/SCID or FAH/Rag1-/- mice appeared to be unable to allow 
persistence and repopulation by human hepatocytes (Azuma et al 2007). Recently, two 
different groups have used nearly the same strategy to create a novel mouse model to study 
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human liver cell transplantation. They backcrossed the Rag2-/-/il2-/- mouse with an FAH-/- 
mouse to give rise to a new mouse model which could be effectively transplanted and 
repopulated by human hepatocytes, presumably because they lacked not only B and T but 
also NK cells (Azuma et al 2007; Bissig et al 2007). Differences in methods to obtain 
satisfactory repopulation have emerged. One group specified the necessity of treating the 
mice by pre-injection of an adenovirus encoding the uPA protein (Azuma et al 2007) to 
allow engraftment of human cells, and they found that treatment with an anti human 
complement agent (Futan) to control the bleeding associated with uPA was not necessary. 
The second group did not need to use adenovirus encoding the uPA expression, but found 
that the Futan treatment was necessary (Bissig et al 2007). In both cases, the FAH/Rag2-/-

/il2-/- mouse model was successfully transplanted and repopulated (up to 90% of the mouse 
liver was repopulated by human hepatocytes 3 months post transplantation). Interestingly, 
it was shown by histological staining that human hepatocytes were interspersed among 
mouse hepatocytes and did not form individualized clones. Moreover, highly humanized 
mice permitted long term expansion and maintenance of human cells, and could be used to 
perform serial transplantation of human hepatocytes from one humanized mouse to a 
second generation without requiring a new batch of human cells. Finally the humanized 
livers of the mice expressed a broad range of human markers, including detoxification 
enzymes (Azuma et al 2007; He et al 2010), and thus, should be useful for pharmacological 
studies. 

3. Mice with chimeric liver: An efficient tool to study hepatotropic pathogens 
It was subsequently shown that both humanized mouse models could be infected by HBV 
and HCV (Fig.1). The uPA/SCID model has already allowed studying HBV or HCV viral 
life cycle and direct pathogenesis independently to an immune response. In both models, 
human hepatocytes, maintain their ability to express numerous enzymes implicated in the 
metabolism and detoxification (p450 family) pathways (Katoh et al 2007; Strom et al 2010) 
and are suitable to evaluate both the antiviral potential of drugs and the potential toxicity of 
antiviral compounds. Moreover, the uPA/SCID mice were used to study hepatic stage of 
Plasmodium falciparum infection. 

It is known that distinct HBV genotypes could participate to the severity of liver disease. In 
order to improve the definition of virological differences among HBV genotypes, Sugiyama 
and colleagues used the Alb-uPA/SCID mice as a tool to evaluate HBV replication 
according to viral genotype and confirmed their in vitro previous results, showing a higher 
replication of genotype C compared to genotype A (Sugiyama et al 2006). Moreover, in a 
more recent study they have shown that genotype G, which is not detectable in mono-
infection, has a higher level of replication in co-infection with HBV genotype H; and that co-
infection may cause fibrosis (Tanaka et al 2008).  

Another group has taken advantage of immune suppression of the xenograft mouse model 
to demonstrate that liver disease induced by HBV is not only the result of activation of the 
immune system, but can be, at least in part, directly mediated by the virus (Meuleman et al 
2006). However, it should be noted that the drastic cytopathic effect was observed using a 
highly pathogenic strain (HBV genotype E) isolated from a patient with fulminant hepatitis. 
In a recent study, Lutgehetmann et al demonstrated that, as in vitro and in patients, 
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intermingling of the mouse and human subcellular structures, indicating a physiological 
integration of transplanted cells (Meuleman et al 2005; Tateno et al 2004). 

2.2 FAH mouse model 
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methylbenzyol)-1,3 cyclohexanedione (NTBC) blocks this pathway at the beginning 
preventing the generation of these metabolites (Lindstedt et al 1992). Grompe et al. constructed 
mice with FAH deficiency and described that the NTBC, with treatment begun in utero and 
maintained thereafter, permitted not only survival of the animal, but also normalized the liver 
function of the deficient mice (Grompe et al 1993; Grompe et al 1995) (Fig. 3). 

 
Fig. 3. The FAH model. Fumaryl acetoacetate hydrolase deficiency induces liver toxicity 
which is blocked by NTBC administration. Mice are submitted to intrasplenic injection of 
hepatocytes and NTBC drug is withdrawn.  

The FAH model was then used for liver transplantation freshly isolated hepatocytes from 
wild type congenic animals; as in the experiments using the Alb-uPA model, data reported 
by Overturf et al. demonstrate that a selective advantage of transplanted cells is necessary to 
obtain repopulation (Overturf et al 1996).  

Until recently the transplantation of human hepatocytes into this mouse was not successful: 
FAH/nude, FAH/NOD/SCID or FAH/Rag1-/- mice appeared to be unable to allow 
persistence and repopulation by human hepatocytes (Azuma et al 2007). Recently, two 
different groups have used nearly the same strategy to create a novel mouse model to study 
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human liver cell transplantation. They backcrossed the Rag2-/-/il2-/- mouse with an FAH-/- 
mouse to give rise to a new mouse model which could be effectively transplanted and 
repopulated by human hepatocytes, presumably because they lacked not only B and T but 
also NK cells (Azuma et al 2007; Bissig et al 2007). Differences in methods to obtain 
satisfactory repopulation have emerged. One group specified the necessity of treating the 
mice by pre-injection of an adenovirus encoding the uPA protein (Azuma et al 2007) to 
allow engraftment of human cells, and they found that treatment with an anti human 
complement agent (Futan) to control the bleeding associated with uPA was not necessary. 
The second group did not need to use adenovirus encoding the uPA expression, but found 
that the Futan treatment was necessary (Bissig et al 2007). In both cases, the FAH/Rag2-/-

/il2-/- mouse model was successfully transplanted and repopulated (up to 90% of the mouse 
liver was repopulated by human hepatocytes 3 months post transplantation). Interestingly, 
it was shown by histological staining that human hepatocytes were interspersed among 
mouse hepatocytes and did not form individualized clones. Moreover, highly humanized 
mice permitted long term expansion and maintenance of human cells, and could be used to 
perform serial transplantation of human hepatocytes from one humanized mouse to a 
second generation without requiring a new batch of human cells. Finally the humanized 
livers of the mice expressed a broad range of human markers, including detoxification 
enzymes (Azuma et al 2007; He et al 2010), and thus, should be useful for pharmacological 
studies. 

3. Mice with chimeric liver: An efficient tool to study hepatotropic pathogens 
It was subsequently shown that both humanized mouse models could be infected by HBV 
and HCV (Fig.1). The uPA/SCID model has already allowed studying HBV or HCV viral 
life cycle and direct pathogenesis independently to an immune response. In both models, 
human hepatocytes, maintain their ability to express numerous enzymes implicated in the 
metabolism and detoxification (p450 family) pathways (Katoh et al 2007; Strom et al 2010) 
and are suitable to evaluate both the antiviral potential of drugs and the potential toxicity of 
antiviral compounds. Moreover, the uPA/SCID mice were used to study hepatic stage of 
Plasmodium falciparum infection. 

It is known that distinct HBV genotypes could participate to the severity of liver disease. In 
order to improve the definition of virological differences among HBV genotypes, Sugiyama 
and colleagues used the Alb-uPA/SCID mice as a tool to evaluate HBV replication 
according to viral genotype and confirmed their in vitro previous results, showing a higher 
replication of genotype C compared to genotype A (Sugiyama et al 2006). Moreover, in a 
more recent study they have shown that genotype G, which is not detectable in mono-
infection, has a higher level of replication in co-infection with HBV genotype H; and that co-
infection may cause fibrosis (Tanaka et al 2008).  

Another group has taken advantage of immune suppression of the xenograft mouse model 
to demonstrate that liver disease induced by HBV is not only the result of activation of the 
immune system, but can be, at least in part, directly mediated by the virus (Meuleman et al 
2006). However, it should be noted that the drastic cytopathic effect was observed using a 
highly pathogenic strain (HBV genotype E) isolated from a patient with fulminant hepatitis. 
In a recent study, Lutgehetmann et al demonstrated that, as in vitro and in patients, 
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interferon alpha failed to induce ISGs (MxA, OAS, TAP-1) in HBV infected hepatocytes, 
validating the model for the study of direct interaction between virus and host cells 
(Lutgehetmann et al 2011) 

Petersen et al., using the flexibility of the uPA mouse model, which could be repopulated 
either by Tupaia belangeri or human hepatocytes and infected by Wooly Monkey HBV or 
HBV respectively, have tested inhibitors of viral entry (Petersen et al 2008). In both systems, 
the authors showed that the treatment of repopulated mice with acylated HBV preS-derived 
lipopeptides prevented viral infection. This alternative approach could benefit patients 
undergoing liver transplantation to prevent vertical transmission as well as reinfection. 

This model can establish long lasting chronic infections and constitute a perfect model to 
study anti-retroviral treatments. Indeed, it has been validated in different reports showing a 
good responsiveness to several reverse transcriptase inhibitors (lamivudine, adefovil 
dipivoxil) (Dandri et al 2005; Tsuge et al 2005). Others steps of viral replication can be 
targeted, it has been demonstrated that in infected mice HAP BAY 41-4109 (inhibition of 
capsid formation) was able to diminish HBV viremia (Brezillon et al 2011). Finally, the 
presence of HBV cccDNA in nucleus of infected human hepatocytes will allow testing new 
therapeutic approaches to clear hepatocytes or to control transcription from cccDNA 
(Lutgehetmann et al 2010). 

Concerning HCV, infected humanized mice have been used to demonstrate antiviral activity 
of several molecules, (IFNα2b, BILN2061, Telaprevir, HCV-796) that were already used in 
clinic, or in pre-clinical trials (Kamiya et al 2010; Kneteman et al 2006; Kneteman et al 2009; 
Vanwolleghem et al 2007). All these molecules have demonstrated antiviral effect against 
HCV. Moreover the model has permitted to describe cardio-toxicity of BILN2061, 
confirming the perfect suitability of humanized mice for antiviral therapy evaluation. This 
model can also been used to study susceptibility of different viral recombinant strains to 
actual treatments. This will allow strategies from “bench to bedside” to design specific 
treatment for each patient (Kurbanov et al 2008). 

As for HBV, the design of inhibitors targeting several steps of HCV replication is the key to 
treat patients. In addition to protease and polymerase inhibitors, some groups tried to target 
viral entry. Meuleman et al have demonstrated the ability of antibodies directed against 
cellular surface molecules (CD81 and SR-B1) involved in virus entry to protect human 
hepatocytes from HCV infection (Meuleman et al 2008; Meuleman et al 2011a; Meuleman et 
al 2011b). Matsumura et al have shown that amphipatic DNA polymers inhibited HCV post-
binding stage and thus blocked de novo infection (Matsumura et al 2009) 

It is clear that the immune response to viral infection plays a major role in the outcome of 
liver disease during HCV infection. To study the involvement of the innate immune system 
against viral infection, Walters et al., used the immunotolerant Alb-uPA/SCID mouse 
model to analyze transcriptome profiles of HCV infected versus non infected mice (Walters 
et al 2006). Globally, in the Alb-uPA/SCID mouse model, HCV infection activates the 
transcription of interferon-stimulated genes which are in particular implicated in 
establishing the innate immune response, and thus active in the inhibition of HCV 
replication. Moreover, and as previously shown in HCV-infected patients and HCV 
transgenic mice, these authors confirmed in the Alb-uPA/SCID mouse model the 
relationship between severe HCV infection and perturbation of lipid metabolism (Joyce et al 
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2009). These observations strongly suggest that liver disease may not be mediated 
exclusively by an HCV-specific adaptive immune response. Thus, the innate immune 
response may play a fundamental role in the pathogenesis of HBV and HCV infection.  

Infection by the Plasmodium falciparum parasite is restricted to human and closely related 
species. As for the HBV and HCV viruses, ethical and financial reasons limit the use of non 
human primates to study this pathogen. Numerous studies have used a humanized mouse 
that carries human erythrocytes (Moreno et al 2007). Sporozoites, the hepatic stage of the 
pathogen [for review in the viral cycle of Plasmodium falciparum see (Greenwood et al 
2008)] were used to infect chimeric liver of humanized Alb-uPA/SCID mice. The authors 
demonstrated that the reduction of the innate immune response by anti-macrophage and 
anti-NK cell treatments both enhance the humanization of Alb-uPA/SCID mice and allowed 
the infection of human hepatocytes by sporozoites as well as the maturation of the pathogen 
(Morosan et al 2006). This new model should permit the evaluation of drugs directed 
specifically against the hepatic stage of the infection. This model has also been used to study 
biology of P. falciparum, using genetically knock out for Liver-stage antigen-1 parasite, that 
could show that LSA-1 plays a critical role during late liver-stage schizogony and is thus 
important in the parasite transition from the liver to blood (Mikolajczak et al 2011). 
Moreover, this constitutes a starting point to create a future humanized model allowing 
study of the entire parasite cycle. 

4. Concluding remarks 
The recent development of small mouse models for experimental HBV, HCV or 
Plasmodium falciparum infection has opened new perspectives for the evaluation of novel 
therapeutic and/or prophylactic compounds against these pathogens. These models are 
physiologically relevant, in that they are based on the transplantation of primary 
hepatocytes. However, to integrate humanized mouse technology into development 
process, the technology must be accessible, reproducible and at a reasonable cost. Indeed, 
both mouse models are relatively complicated to use, but they present the unquestionable 
advantage of being much less expensive and easier to maintain and breed than primates. 

The present challenge is the construction of mice combining human immune and liver cells. 
Mice with humanized immune systems already represent the model of choice for various 
lymphotropic pathogens. The addition of human hepatic tissue holds promise for the study 
of hepatotropic pathogens. Indeed, this will help to understand how hepatotropic pathogens 
are detected by the immune system, why the majority of individuals fail to mount an 
effective response, the factors involved in chronic viral persistence versus resolution of 
infection. A recent report Washburn et al have developed a specific mouse model, 
humanized with human immune system and liver tissues (Washburn et al 2011). These mice 
generate a specific immune response against the HCV and seem to develop liver diseases. 
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validating the model for the study of direct interaction between virus and host cells 
(Lutgehetmann et al 2011) 

Petersen et al., using the flexibility of the uPA mouse model, which could be repopulated 
either by Tupaia belangeri or human hepatocytes and infected by Wooly Monkey HBV or 
HBV respectively, have tested inhibitors of viral entry (Petersen et al 2008). In both systems, 
the authors showed that the treatment of repopulated mice with acylated HBV preS-derived 
lipopeptides prevented viral infection. This alternative approach could benefit patients 
undergoing liver transplantation to prevent vertical transmission as well as reinfection. 

This model can establish long lasting chronic infections and constitute a perfect model to 
study anti-retroviral treatments. Indeed, it has been validated in different reports showing a 
good responsiveness to several reverse transcriptase inhibitors (lamivudine, adefovil 
dipivoxil) (Dandri et al 2005; Tsuge et al 2005). Others steps of viral replication can be 
targeted, it has been demonstrated that in infected mice HAP BAY 41-4109 (inhibition of 
capsid formation) was able to diminish HBV viremia (Brezillon et al 2011). Finally, the 
presence of HBV cccDNA in nucleus of infected human hepatocytes will allow testing new 
therapeutic approaches to clear hepatocytes or to control transcription from cccDNA 
(Lutgehetmann et al 2010). 

Concerning HCV, infected humanized mice have been used to demonstrate antiviral activity 
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Vanwolleghem et al 2007). All these molecules have demonstrated antiviral effect against 
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2009). These observations strongly suggest that liver disease may not be mediated 
exclusively by an HCV-specific adaptive immune response. Thus, the innate immune 
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could show that LSA-1 plays a critical role during late liver-stage schizogony and is thus 
important in the parasite transition from the liver to blood (Mikolajczak et al 2011). 
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study of the entire parasite cycle. 
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therapeutic and/or prophylactic compounds against these pathogens. These models are 
physiologically relevant, in that they are based on the transplantation of primary 
hepatocytes. However, to integrate humanized mouse technology into development 
process, the technology must be accessible, reproducible and at a reasonable cost. Indeed, 
both mouse models are relatively complicated to use, but they present the unquestionable 
advantage of being much less expensive and easier to maintain and breed than primates. 

The present challenge is the construction of mice combining human immune and liver cells. 
Mice with humanized immune systems already represent the model of choice for various 
lymphotropic pathogens. The addition of human hepatic tissue holds promise for the study 
of hepatotropic pathogens. Indeed, this will help to understand how hepatotropic pathogens 
are detected by the immune system, why the majority of individuals fail to mount an 
effective response, the factors involved in chronic viral persistence versus resolution of 
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1. Introduction 
Liver surgery underwent enormous evolution after development and introduction of new 
technical skills in surgical praxis. Nevertheless many patients with primary or secondary 
liver malignancies are not indicated to radical surgical therapy that could reach complete 
remission of malignant disease because the frontiers of liver surgery are limited today by the 
functional reserves of remnant parenchyma. The main argument to non surgical treatment is 
increased risk of acute liver failure after extended liver resection, where retained liver 
parenchyma is to small to sustain the liver functions (Abdalla, 2001). Portal vein 
embolization (PVE) can multiply the future liver remnant volume (FLRV) in spite of 
affection of only one of liver lobes by malignant diseases (Makuuchi, 1984, Makuuchi, 1990, 
Harada, 1997). This procedure was performed firstly in 1984 by Makuuchi (Abdalla, 2001, 
Makuuchi, 1984, Makuuchi, 1990). PVE of portal branch of with malignancy afflicted liver 
lobe initiates compensatory hypertrophy of contralateral non-occluded lobe. The occluded 
lobe underlies atrophy. The compensatory hypertrophy is supposed to be stimulated by 
increased flow of portal blood, that contains hepatotrophic substances (Kusaka, 2004, 
Azoulay, 2000). Liver resection after PVE is performed only in 63-96% of patients (Kokudo, 
200, Stefano, 2005, Lagasse, 2000). The main reason for this resolution is unsuccessful 
hypertrophy of FLRV or progression of malignancy. Liver resection after PVE is performed 
only in 63-96% of patients (Azoulay, 200, Kokudo, 2001, Stefano, 2005). The main reason for 
this resolution are unsuccessful hypertrophy of FLRV or progression of malignancy. 
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The proper regeneration of liver parenchyma depends on proliferation of parenchymal and 
non-parenchymal liver cells. The importance of stem cells or liver oval cells is still under 
discussion and this mechanism provokes many questions (Lagasse, 2000, Petersen, 1999, 
Vassilopoulos, 2003). After partial hepatectomy or portal vein ligation increase serum levels 
of Tumour necrosis factor alpha (TNF-α) and Interleukin-6 (IL-6), which were demonstrated 
to be involved in priming of hepatocytes and trigger them from G0 to G1 cell cycle 
phase(Cornell, 1990). These cytokines induce gene activation, which are responsible for G1 
phase. Both pleiotrophic cytokines are secreted by non-parenchymal liver cells (mostly 
Kupffer cells) (Fausto, 2000, Fausto, 2005). TNF-α is superior to IL-6 and stimulates 
increased secretion of IL-6. In hepatectomized regenerating liver, it is known that this 
signaling pathway follows the sequence TNF-α → TNFR-1 → NFκB → IL-6 → STAT3 
(Michalopoulos, 1997). The proliferation of primed hepatocytes is regulated positively by 
Hepatocyte growth factor (HGF), Epidermal growth factor (EGF), Insulin-like growth factor 
(IGF), Transforming growth factor-alpha (TGF-α), etc. The termination of proliferation and 
stimulation of hepatocyte to differentiation, final remodelation of liver tissue and 
production of extracellular matrix is controled by Transforming growth factor-beta (TGF-β) 
(Fukuhara, 2003, Mangnall, 2003, Zimmermann, 2004). TGF-β1 plays the most important 
role in starting the remodelling of the extracellular matrix and restoration of the original 
structure of the liver parenchyma. TGF-β1 inhibits DNA synthesis and plays a pivotal role 
in the down-regulation of liver regeneration as has been demonstrated in toxic models of 
liver regeneration (Armendariz-Borunda, 1993, Armendariz-Borunda, 1997). TGF-β1 also 
down-regulates the production of the Hepatocyte growth factor that sustains hepatocyte 
proliferation (Bustos, 2000). Increased expression of TGF-β1 prevents uncontrolled growth 
during liver regeneration by the regulation of hepatocyte transition from the G1 to the 
S phase of the cell cycle (Kusaka, 2006, Oe, 2004). TGF-β1 helps maintain the differentiation 
of hepatocytes and non-parenchymal liver cells. The proposed HGF/ TGF-β1 ratio could 
reflect the proliferation/differentiation status of hepatocytes (Lilja, 1999). Increased 
expression of TGF-β1 was also shown to be a crucial factor for the progression of hepatic 
fibrosis (Friedman, 2008). This could be explained by increased or prolonged production of 
the liver extracellular matrix (Viebahn, 2008). 

The replication of hepatocytes culminates on 7th days (14per cent of hepatocytes) and the 
return to quiscent status was observed on 12th day after PVE in swine experimental model 
(Coelho, 2007, Duncan, 1999). The differencies between PVE and PVL (portal vein ligation) 
were not proved as statistical significant for reached FLRV (Broering, 2002).  

Multipotent mesenchymal stromal cells (MSC) are a fraction of the adult bone marrow stem 
cell compartment. They contain a subpopulation of mesenchymal stem cells that can 
differentiate into mesenchymal adult tissues under specified conditions. Differentiation into 
adipocytes, chondrocytes, osteoblasts and myocytes has been demonstrated in vitro and in 
vivo (Barry, 2003). Whether and how bone marrow-derived stem cells, and MSC in 
particular, can contribute to liver regeneration is not entirely clear. Initital reports outlined that 
bone marrow-derived (stem) cells can transdifferentiate into liver cells or their progenitors 
after bone marrow transplantation (Jiang, 2002, Lagasse, 2000, Petersen, 1999, Ringe, 2002). 
Later investigations clarified and complemented these observations, outlining that bone 
marrow cells can also fuse with resident liver cells (Vassilopoulos, 2003, Wang, 2003). In 
addition to direct cellular effects, transplanted bone marrow cells can also contribute to liver 
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regeneration by bystander effects, such as the provision of a beneficial proliferative cytokine 
milieu or antiapoptotic effects (Aldeguer, 2002, Dahlke, 2004, Liska, 2009). 

The aim of presented studies was to influence regeneration of liver parenchyma after portal 
vein embolization/ligation by exogenous cytokines, growth factors and monoclonal 
antibodies against growth factors with inhibitory funcions or syngeneic Multipotent 
Mesenchymal Stromal Cells. 

2. Methods 
2.1 Surgical procedure 

All described procedures were prepared and performed after by law of Czech Republic, 
which is compatible with legislature of European Union. The experimental animal was 
piglet. The experimental porcine model was established to be as much compatible as 
possible with PVE/PVL in human medicine. 

There were no statistical differencies in weight and age of the piglets undergoing portal vein 
ligation. The animals were housed under same conditions. In this study there were included 
9 piglets in control group, 9 piglets in TNF-α group, 8 piglets in IL-6 group, 6 piglets in MSC 
group and 7 piglets in MAB TGF-β1 group. 

The piglets were premedicated intramuscularly with atropine 1,5 mg and azaperon 1,0 
mg/kg. The anesthesia was administered continually through central venous catheter in 
whole average doses: azaperon 1,0 mg/kg/hour, thiopental 10 mg/kg/hour, ketamin 5-10 
mg/kg/hour and fentanyl 1-2 ug/kg/hour. The muscle relaxation was provided by bolus 
administration of pancuronium 0,1-0,2 mg/kg at the begin of surgery. Animals were 
intubated and mechanically ventilated during surgical procedure. The monitoring of 
electrocardiogram, oxygen saturation and central venous pressure was performed. The 
surgical procedure was performed under aseptic and antiseptic conditions. The antibiotic 
prophylaxis was administered in total dosis of 1,2 g amoxicillin with clavulanic acid divided 
into two doses (before surgery and two hours later). 

The middle laparotomy was performed. The portal vein branches for caudate, right lateral 
and right medial lobes (50-60 per cent of supposed liver parenchyma) were prepared and 
ligated without injury or ligation of hepatic artery branches. The blood flow in hepatic 
artery branches and occlusion of portal vein branches were controled by Doppler 
ultrasonography (Medison Sonoace 9900, linear probe with frequency 7,5 MHz, Fig.1). The 
borders between atrophic and hypertrophic liver lobes were marked by titanium staples to 
simplify the postoperative ultrasonography. 

The recombinant porcine TNF-α in amount 5μg/kilos (rpTNF-α, ProSpec TechnoGene, 
Israel, 9 piglets from TNF-α group), the recombinant porcine IL-6 in amount 0,5μg/kg (rpIL-
6, ProSpec TechnoGene, Israel, 8 piglets from Il-6 group), MSC (autologous bone marrow 
stem cells cultured in expansion medium (low glucose DMEM with GlutaMAX, without 
pyruvate, Biochrom) supplemented with 10% fetal bovine serum (FBS, Biochrom), 1% 
penicillin/streptomycin and 1% glutamine. After 24, 48 and 72 hours, non-adherent cells 
were removed by changing the culture medium. Adherent cells were then trypsinized (0.5% 
trypsin-EDTA), harvested and re-plated into new flasks, each time, when cell confluency 
reached 60% to 80%. To histologically identify transfused MSC within the recipient liver, 
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The proper regeneration of liver parenchyma depends on proliferation of parenchymal and 
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(Michalopoulos, 1997). The proliferation of primed hepatocytes is regulated positively by 
Hepatocyte growth factor (HGF), Epidermal growth factor (EGF), Insulin-like growth factor 
(IGF), Transforming growth factor-alpha (TGF-α), etc. The termination of proliferation and 
stimulation of hepatocyte to differentiation, final remodelation of liver tissue and 
production of extracellular matrix is controled by Transforming growth factor-beta (TGF-β) 
(Fukuhara, 2003, Mangnall, 2003, Zimmermann, 2004). TGF-β1 plays the most important 
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regeneration by bystander effects, such as the provision of a beneficial proliferative cytokine 
milieu or antiapoptotic effects (Aldeguer, 2002, Dahlke, 2004, Liska, 2009). 
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cultured MSC were labeled with 5-bromo-2-deoxyuridine (BrdU) 60 hours before cell 
application. 6 piglets, the amount of applied stem cells: 8.75, 14.0, 17.0, 17.5, 43.0 and 61.0 x 
106 MSC respectively) or physiological solution (9 piglets from control group) were applied 
into non-occluded portal vein branches (Liska, 2012, Liska, 2009, Liska, 2009, Teoh 2006).  

The laparotomy was closed in anatomical layers. At the end of operation the port-a-cath was 
introduced into the superior caval vein. The animals were extubated and monitored each 
day for the next fourteen days with a particular emphasis on the clinical examination 
(attention to wound healing, infection of the port-a-cath and function of the gastrointestinal 
system) to diagnose possible surgical complications. The postoperative analgezia was 
provided by intramuscular application of small dosis of Azaperon (10mg). 

Administration of MAB TGF-β1 was performed into central venous catheter 24 hours after 
ligation (7 piglets, 40μg/kg of body weight) ( Armendariz-Borunda , 1993, Deneme, 2006, 
Liska, 2012).  

 
Fig. 1. Doppler ultrasonography of liver parenchyma with occluded portal vein branch and 
non occluded branch of hepatic artery (arrow). 

2.2 Biochemistry and immunoanalysis 

The blood samples were collected from central vein catheter at 1. before operation, 2. after 
ligation of the last portal branch, 3. at the end of operation, 4. 2 hours after operation, 5. 1th 
postoperative day (p.d.), 6. 3rd p.d., 7. 7th p.d., 8. 10th p.d., 9. 14th p.d.  

The following biochemical parametres were estimated by biochemical analysator Olympus 
2700: bilirubin, urea, creatinine, alkaline phosphatase (ALP), gamaglutamyltransferase 
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(GGT), cholinesterase (CHE), aspartylaminotransferase (AST), alanine aminotransferase 
(ALT) and albumin. 

Serum level of C-reactive protein (CRP), studied cytokines (TNF-α and IL-6) and growth 
factors (TGF-β1, IGF) were meassured by enzyme-linked immunosorbent assay (ELISA) by 
Auto-EIA II Analyzer (Lasystems Oy Helsinki, Finland).  

2.3 Ultrasonography 

The ultrasonographic controls were undertaken immediately after operation and on 3rd, 
7th, 10th and 14th postoperative day (ultrasound machine Medison Sonoace 9900, convex 
probe with frequency 3,5 MHz). The diameters of atrophic and hypertrophic (functional 
liver remnant volume) lobes were meassured in B-modus in all three basic planes (axial, 
sagittal and coronary). The volume of lobes is counted by using standard ultrasonographic 
formula, which is used also in human medicine: axial x sagittal x coronary / 2 (Liska, 2009).  

2.4 Histology 

The experiment was finished on 14th day by sacrifying of animals under general anaestesia 
with concentrated solution of potassium chloride administered into central venous catheter.  

The histological material from atrophic and hypertrophic parenchyma was examined after 
staining with hematoxyline-eosine, periodic acid-Schiff (PAS) staining and PAS staining 
after digestion of preparations with diastase. The proliferation activity was examined using 
antibody Ki67 (MIB 1 MW, 1:1000 DakoCytomation). We concentrated especially at the 
measurement of lobulus length, binucleated hepatocyte, length of hepatocytes. The amount 
of binucleated hepatocytes were measured in 20 microscopic fields by an eyepiece 
micrometer (Olympus). The size of the hepatocytes and the length of the lobuli were 
examined twice using the eyepiece micrometer (Olympus). 

2.5 Statistical analysis 

Statistical analysis was performered by sofware CRAN 2.4.0 and STATISTICA 98 Edition. 
The meassured parameters (biochemistry, immunoanalysis, ultrasonography) were 
described by basic statistical variables – mean, median, standard deviation, minimum, 
maximum and quartile extent. The statistical data were processed graphicaly into Box and 
Whisker plot diagrams. The comparison of distribution of studied parameters in groups was 
counted by distribution-free test (Wilcoxon). The Spearman Rank Correlation Coefficient 
was used because of non-Gausian distribution of parameters values. The whole 
development of studied parameters in time was compared between groups by parametric 
test ANOVA. 

3. Results 
3.1 Functional liver remnant volume 

To assess the overall functional effect of MSC infusions, rpTNF-α group, rpIL-6 and MAB 
TGF-β1 after partial portal vein ligation in the porcine model, the volume of the occluded 
and non-occluded liver lobes was analyzed by ultrasonography. Repeated ultrasonographic 
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assessments were carried out on p.d. 0, 3, 7, 10 and 14. The volumes of both the ligated right, 
and the non-ligated left liver lobes were computed by a standard three-dimensional 
ultrasonographic approach and were confirmed by physical examination during necropsy 
on day 14. The volume of the hypertrophic lobe increased more rapidly after MSC 
application in the treatment group when compared to the control group (Figure 2). The 
control group did not show any change in the volume of the hypertrophic liver lobes within 
the first three days after surgery. The growth acceleration of the hypertrophic liver lobes in 
the MSC group was at its maximum between the 3rd and 7th p.d. (p<0.05 versus control). 
However, this stimulating effect slowed down during the second week and there was no 
statistically significant difference in the size of the hypertrophic liver lobes on day 14. 
However, the average volume of the non-occluded liver lobe was increased by 30% in the MSC 
group in contrast to the control group at the end of the experiment (Fig. 2),( Liska, 2009).  

 
Fig. 2. Volumes of the non-ligated liver lobes are depicted for the control and the MSC-
treated group. Liver volume was assessed by 3D ultrasonographic measurements.  

In case of TNF-α group the absolute volume of hypertrophic lobes increased after 
application of TNF-α more rapidly wheareas the control group has no changes in 
hypertrophic liver lobes volumes in first three days. The acceleration of growth of 
hypertrophic liver lobes in TNF-α group was maximal on 7th p.d. in comparisson with 
control group (p<0.05), nevertheless this stimulating effect was lost on the 14th p.d. and the 
differencies were not statistically significant (Fig.3) ,( Liska, 2012). 

The absolute volume of hypertrophic lobes grew more rapidly after application of MAB 
TGF-β1, whereas the control group had a slow but continual growth in the hypertrophic 
liver lobes during the whole follow-up period. The augmentation of growth of the 
hypertrophic lobes was maximal between the 3rd and 7th postoperative days in comparison 
with the control group (p<0.05). Nevertheless this growth accelerating effect was lost during 
the next ultrasonographic controls, and on the 14th postoperative day there were no 
statistically significant differences (Fig. 4),( Liska, 2012). 

IL-6 group demonstrated growth of volume of hypertrophic lobes more rapidly after 
application of studied cytokine wheareas the control group has slow start of growth in 
hypertrophic liver lobes in first three days. The acceleration of growth of hypertrophic liver 
lobes in IL-6 group was maximal on 7th p.d. in comparisson with control group (p<0.05), 
nevertheless this stimulating effect was also lost during the follow up period and on 14th 
p.d there were no statistically significant differencies as at other experimental groups (Fig.5), 
(Liska, 2009).  
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Fig. 3. Comparison of liver hypetrophy between control group and TNF-α group.  

 
Fig. 4. Comparison of the growth of hypertrophic liver lobes between TGF-β1 and control 
groups.  

 
Fig. 5. Comparison of hypertrophic liver lobes growth between IL-6 group and control group. 

3.2 Biochemistry 

To outline the functional liver capacity after the infusion of MSC and to understand possible 
systemic side effects, biochemical parameters, as well as cytokine and growth factor levels 
were analyzed in sera of both animal groups during and after the intervention. All 
parameters were measured on a clinical analyzer before and during the procedure, as well 
as on p.d. 1, 3, 7, 10 and 14. Serum levels of AST and ALT increased after portal vein ligation, 
whereas serum cholestatic markers bilirubin, ALP and GGT remained stable. Synthetic liver 
function was unchanged with normal levels of CHE (Fig. 6). There was no difference  
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Fig. 6. Comparison of serum biochemistry during the postoperative period between MSC 
and control group: Blood was drawn from piglets before and during the procedure, as well 
as on postoperative days 1, 3, 7, 10 and 14. Liver function tests and other biochemical 
markers were measured on a clinical analyzer and are depicted as mean +/- standard 
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deviation. (ALB=serum albumin, ALT=alanine aminotransferase, CHE=cholinesterase, 
BI=serum bilirubin and growth factors TGFb1, IGF and HGF).  

between the MSC-treated and the control group regarding these markers. Serum CRP levels 
were elevated to the same extent in all animals during the postoperative period. Kidney 
function was stable in all piglets with physiological levels of creatinine and urea (Fig.6). 
Overall, all treated animals of both groups tolerated the treatment well with neither 
apparent differences in the clinical course or the biochemistry markers assessed. To describe 
the regenerative micromilieu within recipient livers, the secretion of growth factors HGF, 
IGF, TGFβ1 and TNFα was analysed in sera of all animals over time. Both groups expressed 
the same pattern of TGFß1, IGF and TNFα in the periphery with a tendency towards 
decrease of TGFß1 and IGF in the early phase and stable TNFα. HGF expression was slightly 
higher in the control group early after the procedure. Nevertheless, there were no proved 
statistical differences between studied cytokines and growth factors in particular time 
points. Overall, the cytokine expression pattern in the periphery indicates that differences in 
the extent of postoperative liver hypertrophy between the groups are most likely due to 
micromilieu changes within defined anatomical spaces in the liver (Liska, 2009). 

The serum levels of all studied biochemical and immunological parameteres compared 
between TNF-α and control group are presented in figure 7 and 8. The serum levels of all 
studied biochemical parameters achieved no statistically signifficant differences. The other 
studied serum biochemical parameteres were comparable in both experimental groups and 
the differences did not prove any statistical significancy. 
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Fig. 7. Comparison of serum levels of studied biochemical parametres (albumin, alkaline 
phosphatase, alanine aminotransferase, aspartate aminotransferase, bilirubin, C-reactive 
protein, gamaglutamyltransferase, cholinesterase, creatinine and urea) between TNF-α and 
control groups during liver hypertrophy. (1) before operation, (2) after ligation of the last 
portal branch, (3) 30 minutes after partial portal vein ligation – application of TNF-α or 
physiological solution, (4) 2 hours after partial portal vein ligation, (5) 1st postoperative day 
p.d., (6) 3rd p.d., (7) 7th p.d., (8) 10th p.d., (9) 14th p.d. 

The serum level of TNF-α increased after application of studied cytokine but its serum level 
got practically normalized on first p.d. (p-value<0.05) (fig.8). The serum levels of all other 
studied cytokines and growth factors expressed no differences between TNF-α and control 
group. We did not distingush any serum level changes of CRP (Liska, 2012). 
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In case of TGF-β1 group the serum levels of all the studied biochemical parameters and the 
progression of curves are presented in figure 9. All studied serum biochemical parameters 
were comparable in both experimental groups and the differences shows no statistical 
significance between the TGF-β1 and the control group at each timepoint (Liska, 2012).  

 

   

   

 
 
Fig. 8. Comparison of serum levels of studied cytokines and growth factors (HGF, IGF, IL-6, 
TGFβ-1 and TNF- α) between TNF-α and control groups during liver hypertrophy. (1) 
before operation, (2) after ligation of the last portal branch, (3) 30 minutes after partial portal 
vein ligation – application of TNF-α or physiological solution, (4) 2 hours after partial portal 
vein ligation, (5) 1st postoperative day p.d., (6) 3rd p.d., (7) 7th p.d., (8) 10th p.d., (9) 14th p.d.  
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Fig. 7. Comparison of serum levels of studied biochemical parametres (albumin, alkaline 
phosphatase, alanine aminotransferase, aspartate aminotransferase, bilirubin, C-reactive 
protein, gamaglutamyltransferase, cholinesterase, creatinine and urea) between TNF-α and 
control groups during liver hypertrophy. (1) before operation, (2) after ligation of the last 
portal branch, (3) 30 minutes after partial portal vein ligation – application of TNF-α or 
physiological solution, (4) 2 hours after partial portal vein ligation, (5) 1st postoperative day 
p.d., (6) 3rd p.d., (7) 7th p.d., (8) 10th p.d., (9) 14th p.d. 

The serum level of TNF-α increased after application of studied cytokine but its serum level 
got practically normalized on first p.d. (p-value<0.05) (fig.8). The serum levels of all other 
studied cytokines and growth factors expressed no differences between TNF-α and control 
group. We did not distingush any serum level changes of CRP (Liska, 2012). 
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Fig. 9. Comparison of serum levels of some of the studied biochemical parameters between 
TGF-β1 and control groups. (1) before operation, (2) after ligation of the last portal branch, 
(3) 30 minutes after partial portal vein ligation, (4) 2 hours after partial portal vein ligation, 
(5) 1st postoperative day p.d. (before application of MAB TGF-β1 or physiological solution), 
(6) 3rd p.d., (7) 7th p.d., (8) 10th p.d., (9) 14th p.d.  

All studied serum biochemical parameters compared between IL-6 and control groups were 
comparable and the differences did not prove any statistical significancy in each time point 
(Fig. 10). The serum levels of all studied cytokines and growth factors expressed no 
statistically significant differences between IL-6 and control group in each time point (Fig. 
11). We did not distinguish any serum level changes of CRP (Liska, 2009). 
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(Fig. 10). The serum levels of all studied cytokines and growth factors expressed no 
statistically significant differences between IL-6 and control group in each time point (Fig. 
11). We did not distinguish any serum level changes of CRP (Liska, 2009). 
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Fig. 10. Comparison of serum levels of studied biochemical parameters between IL-6 group 
and control group.  

   

 
Fig. 11. Comparison of serum levels of studied cytokines and growth factors between IL-6 
group and control group. 

3.3 Histology and Immunohistology 

Histological examination of liver biopsies from MSC and control groups was carried out to 
outline differences in the proliferative response and the composition and size of liver cells 
between the groups. Screening for a possible involvement of resident progenitor cells was 
also performed to try and identify the infused population of MSC. The analysis was 
performed at the time of necropsy on the 14th p.d. No overall difference in the length of liver 
lobuli was detected between the groups on H&E staining. However, a tendency towards 

Liver Parenchyma Regeneration in Connection 
with Extended Surgical Procedure – Experiment on Large Animal 

 

165 

longer lobuli was demonstrated in the MSC-treated group, potentially indicating a 
bystander effect of the infused MSC on the size of liver lobuli. Although lobuli length was 
slightly increased, the size of the individual hepatocytes did not prove to be different 
between the groups and the number of binucleated hepatocytes was equal in both groups. 
Two weeks after the intervention, the intrinsic proliferative activity was low in both groups 
and the Ki67 proliferative index was practically the same as in normal liver tissue.. Only 
solitary BrdU-stained transplanted MSC were detected within the hypertrophic liver 
parenchyma (Fig. 12). 

  
Fig. 12. Identification of infused MSC: Solitary BrdU-stained MSC could be identified  
in the treatment group on day 14(a). No BrdU-positive cells were identified in control 
animals (b). 

The histological examination of biopsies from liver of TNF- α and control group was burden 
by the time of collection of specimen, when the proliferative phase of liver regeneration is 
finished factically. The differences in lobulus length were not statisticaly significant (p-
value=0.08), but in the cytokine group there were not only small or normal size lobulus, but 
also many larger lobulus, which were not present in the control group. The statistical 
analysis of binucleated hepatocytes did not prove any significant differences in this studied 
histological parameteres. The length of hepatocytes was not proved also as statistically 
significant parameter. The proliferative activity in both groups was very decreased (Liska, 
2012).  

In case of comparison of TGF-β1 and control group the differences in length of lobuli were 
not statistically significant (see figure 13). Statistical analysis also showed no significant  

 
Fig. 13. Comparison of length of lobuli in hypertrophic lobes between TGF-β1 and control 
groups.  
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increase in the quantity of binucleated hepatocytes in the hypertrophic liver lobes in the 
TGF-β1 group (see figure 14). We observed a larger distribution of the number of 
binucleated hepatocytes per field in the hypertrophic lobe from TGF-β1 group (1-4 
binucleated hepatocytes per field) in contrast to the control group (2-3,5 binucleated 
hepatocytes per field). The test of normality demonstrated a normal distribution of this 
parameter in each animal in both experimental groups. The size of hepatocytes was also 
not proved to be a statistically significant parameter for differences between the TGF-β1 
group and the control group (see figure 15). Proliferative activity in both groups was 
greatly reduced.  

In case of comparison of histological findings at IL-6 and control groups the differences in 
lobulus length were not statisticaly significant. The statistical analysis proved significant 
increased amount of binucleated hepatocytes in hypertrophic liver lobes in IL-6 group (fig. 
16). The length of hepatocytes was not proved also as statistically significant parameter. The 
proliferative activity in both groups was very decreased (Liska, 2009).  

 

 
Fig. 14. Comparison of the concentration of binucleated hepatocytes in hypertrophic lobes 
between TGF-β1 and control groups. The binucleated hepatocytes were detected in 20 
microscopic fields. 

 
 

 
Fig. 15. Comparison of size of hepatocytes in hypertrophic lobes between TGF-β1 and 
control groups. 
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Fig. 16. Comparison of concentration of binucleated hepatocytes in hypertrophic lobes 
between IL-6 group and control group. The binucleated hepatocyte were detected in 20 
microscopical fields. 

4. Discussion  
4.1 Functional liver remnant volume 

In the presented chapter the authors want to review all experiences with influence of 
experimental portal vein ligation with cytokines, monoclonal antibody against growth factor 
and mesenchymal stem cells. This model closely mimics the situation of human oncological 
liver surgery, in which portal vein embolization can be utilized to create a larger future liver 
remnant volume before resection. The clinical goal of portal vein embolization is to increase 
the number of patients that can undergo extensive liver resections. This porcine 
experimental model of liver regeneration is especially applicable to the clinical situation 
since pigs closely resemble human liver anatomy and fysiology (Liska, 2009, Liska, 2009).  

After portal venous infusion of MSC in this model, augmented and accelerated regeneration 
of the non-occluded liver lobes is outlined. This effect was strongest between the third and 
seventh postoperative day and slowly weaned off thereafter. However, there was no overall 
volume difference of statistical significance between both groups at the end of the 
observation period. This result might have been expected, though, since the body weight to 
liver weight ratio is tightly controlled in most species (Liska, 2009).  

Previous studies have tried to clarify the potential contribution of MSC to liver regeneration in 
rodent models. Most of these approaches used toxic models, in which the intrinsic self-
renewing capacity of the recipient liver was suppressed (Dahlke, 2003, Kang, 2005). Di Bonzo 
observed only 0,2% human hepatocytes after transplantation of human MSC into 
immunodeficient mice with chronic liver injury (Di Bonzo, 2008). Overall, whether MSC can 
significantly contribute to liver regeneration in vivo remains controversial (Dahlke, 2004, Lysy, 
2008, Popp, 2006), although MSC can show some features of hepatic differentiation in culture 
or under immunoprivileged conditions (Najimi, 2007, Ong, 2006). Chamberlain observed 
differentiation of human MSC into hepatocytes after infusion of MSC into foetal sheep 
(Chamberlain, 2007) and transplantable hepatocytes were also obtained from heavily growth 
factor-treated MSC (Banas, 2007, Yamamoto, 2008). Despite the fact that it was not possible to 
identify transplanted MSC within recipient livers in this model after 14 days, liver 
hypertrophy was augmented. It is therefore likely that bystander effects of the transplanted 
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MSC accelerated regeneration in this model. This effect may be well mediated through 
paracrine effects of the infused MSC on the microenvironment in the periportal regions, where 
parenchymal regeneration is initiated. Aldeguer et al. suggested that increased production of 
IL-6 by bone marrow-derived cells, for example, can stimulate intrinsic liver regeneration 
(Aldeguer, 2002). In addition to being effective in terms of an accelerated regenerative 
response, the infusion of syngenic MSC into the portal vein also proved to be safe in the 
preclinical model. Probable side effects of MSC infusions include immunological problems 
(hypersensitivity, immune complex reactions), metabolic dysregulation and emboli. None of 
these problems occured in the presented study cohort (Liska, 2009).  

The acceleration of growth of hypertrophic liver lobes after application of TNF-α confirmed 
results gained at in vitro models and in experiments in small laboratory animals (Cornell, 
1990). The selected concentration of applied cytokine initiated acceleration of regeneration 
of liver parenchyma in non-occluded liver lobes (Heinrich, 2006, Teoh, 2006).  

The acceleration of growth of hypertrophic liver lobes after application of IL-6 confirmed 
results gained at in vitro models and in experiments in small laboratory animals 
(Cornell,1990, Fukuhara, 2003). The selected concentration of applied cytokine initiated 
acceleration of regeneration of liver parenchyma in non-occluded liver lobes (Baier,2006, 
Heinrich, 2006).  

We presented possibilities of the application of extrinsic MAB TGF-β1 to increase the required 
future remnant liver volume after partial portal vein ligation. The absolute volume of 
hypertrophic lobes (left lateral and medial lobes) grew more rapidly after application of MAB 
TGF-β1, whereas the control group had a slow but continual growth in the hypertrophic liver 
lobes during the whole follow-up period. The augmentation of growth of the hypertrophic 
lobes was maximal between the 3rd and 7th postoperative days in comparison with the control 
group (p<0.05). Nevertheless this growth accelerating effect was lost during the next 
ultrasonographic controls, and on the 14th postoperative day there were no statistically 
significant differences. The results of the presented study confirmed in large animal 
experiment previous findings gained using in vitro models and in experiments with small 
laboratory animals (Armendariz-Borunda, 1993, Armendariz-Borunda, 1997, Deneme, 2006, 
Delgado-Rizo, 1998). The selected concentration and timing of the application of monoclonal 
antibody prolonged acceleration of liver parenchyma regeneration in non-occluded liver lobes 
of animals (Armendariz-Borunda, 1993, Deneme, 2006). The secondary effects that could be 
hypothesized after application of the monoclonal antibody against key pleiotropic growth 
factor (changes in immune reactions and homeostasis) were not observed either during 
application or in the whole postoperative period. In previous described experimental groups 
(IL-6 and TNF-α group) we have shown the importance and usefulness of cytokines of the first 
phase of liver regeneration that increase priming of the hepatocytes – Interleukine-6 and 
Tumor necrosis factor – α (Liska, 2009, Liska, 2012), but these cytokines have pleitropic 
functions, which could be altered or changed by application of these cytokines from an 
extrinsic source. The choice of the monoclonal antibody against growth factor that terminates 
this first phase of liver regeneration and stimulates hepatocytes to differentiation, production 
of extracellular matrix and remodelation of liver tissue structure, imitates the same effect of 
these named cytokines (Kusaka, 2004). 

The present study describes a new usage of a monoclonal antibody against TGF-β1 in large 
animal experimental model of partial portal vein ligation, which simulates the situation in 
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human medicine. The achieved acceleration of growth of the hypertrophic liver lobes after 
application of monoclonal antibody against TGF-β1between 3rd and 7th postoperative days 
confirmed the key role of the studied cytokine in terminating the regeneration of liver 
parenchyma after portal vein ligation. The experimental results could be settings for a 
clinical study in patients with a low response regeneration of future liver remnant volume 
after portal vein embolization that does not allow surgical treatment (Liska, 2012).  

4.2 Biochemistry 

All biochemical parameters, including cytokine levels, that were assessed during the 
observation period, did not outline any significant differences between the MSC-infused 
and the control group, indicating that both groups were systemically stable throughout the 
regenerative period. Concerning the role of cytokines it may also be assumed that these act 
on a more local level within the liver parenchym and differences cannot be observed in the 
periphery (Liska, 2009). 

On the contrary application of TNF-α brought the tendency to differences in serum level of 
AST, ALT, GGT and creatinine in postoperative period, which were not statistically 
significant. All these biochemical parameters could be due to operative stress and also to 
occlusion of portal branches of right liver lobes, which represent significant liver function 
reserves. The postoperative elevation of these parameters could be hypothesized also to 
atrophic changes in occluded lobes. This reduction of expected increased serum level of 
discussed biochemical parameters after application of studied cytokine in non occluded portal 
vein could present also one of its pleiotropic functions – hepatoprotection agains changes after 
operative stress and reduction of functional parenchyma (Teoh, 2006, Baier, 2006). This 
hypothesis should be probably examined on non-resection experimental model (Liska, 2012). 

We did not prove any statistically significant differences between serum levels of studied 
biochemical parameters in particular time points between IL-6 and control groups. It 
demonstrates also no unsuitable influence of applied cytokine on the liver function. The 
changes in serum levels of studied cytokines, growth factors were also not observed as 
different between IL-6 and control group in separate time points (Liska, 2009). 

In case of comparison of TGF-β1 and control group no statistically significant differences 
were shown between serum levels of the studied biochemical parameters at particular 
points in time. This also demonstrates that there was no unsuitable influence of the applied 
monoclonal antibody on the liver function. This results support our ideas to choose 
monoclonal antibody against TGF-β1 for future clinical studies in human liver (Liska, 2012).  

4.3 Histology and immunohistochemistry 

No histological differences were observed after 14 days between the groups (number of 
mitotic figures, binucleated hepatocytes, length of lobuli, hepatocyte size), indicating that 
the initial phase of liver regeneration had been completed in both groups and there was no 
influence of the infused MSC on liver architecture. Using BrdU staining, only very few of the 
infused MSC could be detected. Thus, injected MSC do not contribute to liver regeneration 
through proliferation, but most likely help to establish a micormilieu supportive for intrinsic 
proliferation of resident hepatocytes. Results acquired by this experimental study confirm the 
experiences of Furst and Esch, who have previously shown that cell grafts of bone marrow 
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MSC accelerated regeneration in this model. This effect may be well mediated through 
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human medicine. The achieved acceleration of growth of the hypertrophic liver lobes after 
application of monoclonal antibody against TGF-β1between 3rd and 7th postoperative days 
confirmed the key role of the studied cytokine in terminating the regeneration of liver 
parenchyma after portal vein ligation. The experimental results could be settings for a 
clinical study in patients with a low response regeneration of future liver remnant volume 
after portal vein embolization that does not allow surgical treatment (Liska, 2012).  

4.2 Biochemistry 

All biochemical parameters, including cytokine levels, that were assessed during the 
observation period, did not outline any significant differences between the MSC-infused 
and the control group, indicating that both groups were systemically stable throughout the 
regenerative period. Concerning the role of cytokines it may also be assumed that these act 
on a more local level within the liver parenchym and differences cannot be observed in the 
periphery (Liska, 2009). 

On the contrary application of TNF-α brought the tendency to differences in serum level of 
AST, ALT, GGT and creatinine in postoperative period, which were not statistically 
significant. All these biochemical parameters could be due to operative stress and also to 
occlusion of portal branches of right liver lobes, which represent significant liver function 
reserves. The postoperative elevation of these parameters could be hypothesized also to 
atrophic changes in occluded lobes. This reduction of expected increased serum level of 
discussed biochemical parameters after application of studied cytokine in non occluded portal 
vein could present also one of its pleiotropic functions – hepatoprotection agains changes after 
operative stress and reduction of functional parenchyma (Teoh, 2006, Baier, 2006). This 
hypothesis should be probably examined on non-resection experimental model (Liska, 2012). 

We did not prove any statistically significant differences between serum levels of studied 
biochemical parameters in particular time points between IL-6 and control groups. It 
demonstrates also no unsuitable influence of applied cytokine on the liver function. The 
changes in serum levels of studied cytokines, growth factors were also not observed as 
different between IL-6 and control group in separate time points (Liska, 2009). 

In case of comparison of TGF-β1 and control group no statistically significant differences 
were shown between serum levels of the studied biochemical parameters at particular 
points in time. This also demonstrates that there was no unsuitable influence of the applied 
monoclonal antibody on the liver function. This results support our ideas to choose 
monoclonal antibody against TGF-β1 for future clinical studies in human liver (Liska, 2012).  
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No histological differences were observed after 14 days between the groups (number of 
mitotic figures, binucleated hepatocytes, length of lobuli, hepatocyte size), indicating that 
the initial phase of liver regeneration had been completed in both groups and there was no 
influence of the infused MSC on liver architecture. Using BrdU staining, only very few of the 
infused MSC could be detected. Thus, injected MSC do not contribute to liver regeneration 
through proliferation, but most likely help to establish a micormilieu supportive for intrinsic 
proliferation of resident hepatocytes. Results acquired by this experimental study confirm the 
experiences of Furst and Esch, who have previously shown that cell grafts of bone marrow 
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origin (CD133 positive cells) applied after PVE in human surgery can increase the FLRV (Furst, 
2007). From the present experimental data, however, it cannot be concluded with certainty that 
the application of stem cells, including MSC, does not support the growth of liver 
malignancies to the same extent that it supports liver regeneration. Assuming a bystander 
effect of MSC on the micromilieu makes this even more likely (Alison, 2006). Thus, further 
animal investigation is necessary before optimized MSC therapies can be applied in the setting 
of human medicine (Alison, 2006). In conclusion, it has been hereby shown that the intraportal 
infusion of syngeneic porcine MSC after PVE in a setting of liver regeneration led to an 
accelerated and augmented compensatory liver hypertrophy. This effect is most likely due to 
bystander effects of the transplanted MSC (Liska, 2009). 

The increased number of larger lobulus in the hypertrophic parenchyma of TNF-α group in 
comparison with control group could be explained by incomplete liver regeneration. 
Because there are practically no mitotic figures or the amount is of same quantity as in the 
normal liver parenchyma without any surgical procedures or toxic insult, we could 
hypothesize, that the first phase of liver regeneration is finished and the next phase of 
regeneration proceeds. It means the remodelation phase and the phase, when the liver 
microstructure is restored. Next would be objective to future study – the detection of 
intracellular or extracelular matrix changes during the process of liver regeneration. No 
differences in the amount of binucleated hepatocytes could be discussed also by end of 
proliferative phase of liver parenchyma at the time of sampling. The same size of 
hepatocytes and no atypical hepatocytes in the biopsies could also be explained by the same 
reason. This hypothesis is supported by restitution of all liver function monitored by 
biochemical parametres at the moment of sacrifying of experimental animals (Liska, 2012).  

The increased number of binucleated hepatocytes in the hypertrophic parenchyma of IL-6 
group in comparison with control group could be explained by incomplete liver 
regeneration at the end of experiment. Because there are practically no mitotic figures or the 
amount is of same quantity as in the normal liver parenchyma without any surgical 
procedures or toxic insult, we could hypothesize, that the first phase of liver regeneration is 
finished and the next phase of regeneration proceeds. It means the remodelation phase and 
the phase, when the liver microstructure is restored. Next would be objective to future study 
– the detection of intracellular or extracellular (matrix) changes during the process of liver 
regeneration. No significant differences in other histological parameters (diameter of 
lobulus and hepatocytes) were not proved (Liska, 2009).  

The larger distribution of the number of binucleated hepatocytes in the hypertrophic 
parenchyma of TGF-β1 group in comparison with the control group could be explained by 
incomplete liver regeneration at the end of experiment. Because there are practically no 
mitotic figures, or the amount is the same as in the normal liver parenchyma without any 
surgical procedures or toxic insult, it was possible to hypothesize that the first phase of liver 
regeneration was finished and the next phase of regeneration was proceeding, namely the 
remodelling phase and the phase when the liver microstructure is restored (Mangnall, 2003). 
The size of hepatocytes and the length of lobuli were not proved to be statistically different 
between study and control group. The same size of hepatocytes and length of lobuli in the 
bioptical samples from the hypertrophic parenchyma could be also explained in the same way. 
This hypothesis is supported by the restitution of all liver functions monitored by biochemical 
parameters and completion of the proliferative phase of liver regeneration at the moment of 
sacrificing of the experimental animals (Liska, 2012).  
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5. Conclusion 
Application of IL-6 and TNF-α augments hypertrophy of FLRV on 7th postoperative day in 
comparison to control group. In case of application of MAB TGF-β1 we observed maximal 
increase of FLRV between 3rd and 7th days. Application of MSC augments hypetrophy of 
FLRV on 3rd day. The biochemical and histological examinations did not prove any 
important differencies among the groups. The use of TNF-α, IL-6, MAB TGF-β1, MSC could 
increase the process of liver regeneration after portal vein ligation.These experimental 
results could be used in clinical practice in patients with risk of acute liver failure after 
extended liver resection.  

6. Summary 
The aim of presented studies was to influence regeneration of liver parenchyma after portal 
vein embolization/ligation. Physiological solution (controls, 9 animals) or TNF-α (9) or 
interleukin-6 (8) or MSC (6) were applied into non-occluded portal vein branches after 
ligation of portal vein branches for right lobes. Administration of MAB TGF-β1 was 
performed 24 hours after ligation (7). Compensatory hypertrophy (FLRV) was followed-up 
in next 14 days by regular ultrasonography, serum level of biochemical parametres and by 
histological examinations. Application of IL-6 and TNF-α augments hypertrophy of FLRV on 
7th postoperative day in comparison to control group. In case of application of MAB TGF-β1 
we observed maximal increase of FLRV between 3rd and 7th days. Application of MSC 
augments hypetrophy of FLRV on 3rd day. The biochemical and histological examinations did 
not prove any differences among the groups. The use of TNF-α, IL-6, MAB TGF-β1, MSC 
could increase the process of liver regeneration after portal vein ligation.  

Keywords: Liver surgery, Liver regeneration, Experimental study, Porcine model, 
Experimental model, Portal vein embolization, TNF-α, Interleukin-6, Mesenchymal stem 
cells, TGF-β1.  
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Liver Transplantation in the Clinic – 
Progress Made During the Last Three Decades 
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1. Introduction 
The World Health Organization calculates that over – six hundred and fifty million people 
worldwide suffer of some form of liver disease, including thirty million Americans. On a 
worldwide base, approximately one to two million deaths are accounted to liver related 
diseases annually. Around the globe, China has the world’s largest population of Hepatitis 
B patients (approx. 120 million) with five hundred thousand people dying of liver illnesses 
every year (CDC, 2007; WHO, 2008). In the US alone, five hundred thousand critical liver 
problem episodes are reported every year requiring hospitalization with great burden to the 
patients and a huge cost to the health care system. In the European Union and United States 
of America alone, over eighty one thousand and twenty six thousand people died of chronic 
liver disease in 2006, respectively (CDC, 2007; Eurostat, 2007). In these patients, liver 
transplantation is presently the only proven therapy able to extend survival for end-stage 
liver disease. It is also the only treatment for severe acute liver failure and to some forms of 
inborn errors of metabolism. 

The road to successful liver grafting in humans has been long and fraught with many 
obstacles. Experimental attempts at liver transplantation originally took place in the 1950s 
and 1960s, but human liver transplantation did not become a reality until 1963 (Starzl & 
Demetris, 1990). Although unsuccessful, Dr. Starzl's attempt at liver transplantation was a 
milestone in surgery. However, it took nearly 20 years to develop a surgical procedure for 
orthotopic liver transplantation (OLT) that was safe to apply in humans. In 1983, the 
National Institutes of Health (NIH) held the Consensus Development Conference on Liver 
Transplantation. The most important outcome of this conference was OLT became an 
accepted therapeutic modality for some patients with end-stage liver disease (NIH, 1983). 
The ideal liver transplant candidate needed to comply with ten conditions (Table 1) as well 
                                                                 
* 1Hepatology Unit, Addenbrooke’s Hospital, Cambridge, UK 
2 Wake Forest Institute for Regenerative Medicine, Winston Salem, NC, USA  
3 Department of General Surgery, Wake Forest Baptist Health, Winston Salem, NC, USA 
4 Wake Forest University School of Medicine, Winston Salem, USA 
5 Starzl Abdominal Transplant Unit, University Hospitals St.Luc, Université Catholique de Louvain, Brussels, 
Belgium  
6Renal Failure and Transplant Unit – L’Aquila University, L’Aquila, Italy 
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as ten absolute contraindications and five relative contraindications (Table 2). Taking into 
account the multitude of criteria for OLT, few patients were deemed eligible. Furthermore, 
the University of Pittsburgh was the only liver transplant center in the United States in 1983. 
Currently, 120 liver transplant centers in the United States are registered with the United 
Network for Organ Sharing (UNOS), the organization that manages the nation's organ 
transplant system, and 145 transplant centers from 24 European countries are participating 
in the European Liver Transplant Registry (ELTR). As reported in the UNOS database, 
111,824 liver transplantations have been performed in the United States through December 
2010 (UNOS, 2010). Likewise, 100,542 liver transplantations have been performed in Europe 
with an average of 5,562 transplantations per year in the past decade (ELTR, 2010).  

 
 

Young patient < 50 years
No viral infection 

No alcohol or drug abuse 
Normal vessel state 

No infection 
No (advanced) malignancy 

No cardiopulmonary or renal disease 
No prior abdominal surgery 

Ability to accept the procedure or understand its nature 
Ability to accept costs of the procedure

Table 1. The ten conditions to be an ideal liver transplant candidate at the 1984 NIH 
Consensus Conference 

 
 

ABSOLUTE 
Portal vein thrombosis 
Severe hypoxemia due to right to left shunts (HPS) 
Sepsis outside the hepatobiliary (HB) system 
Primary malignant disease outside the HB system 
Metastatic HB malignancy 
Active alcoholism 
Advanced cardiopulmonary or renal disease 
HBsAg and HBeAg positive state 
Age > 55 years 
Inability to accept the procedure or understand its nature and/or its costs 

RELATIVE  
Intrahepatic or biliary sepsis 
Advanced alcoholic liver disease in the abstinent alcoholic 
Age > 50 years 
HBsAg positive state 
Prior abdominal surgery especially in the right upper quadrant 
Portal hypertension surgery

Table 2. The ten absolute and five relative contraindications to liver transplantation at the 
1984 NIH Consensus Conference 
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Since the first OLT was performed, the field has changed dramatically. Improvements in 
surgery, anaesthesia, immunosuppression, and control of infection have translated into 
increased access and better patient outcomes.  In the pioneering days of OLT, triple-drug 
therapy (corticosteroids, azathioprine [AZA], and antilymphocyte globulin [ALG]) was used 
to prevent and treat rejection. The development of a powerful immunosuppressive agent, 
cyclosporine (CsA), in the late 1970s was one of the most significant events in modern 
transplantation. By 1984, all transplant centers in the United States used double therapy of 
corticosteroids and CsA as the maintenance immunosuppressive regimen. During the 1990s, 
tacrolimus (TAC) emerged as the mainstay maintenance immunosuppressive agent in OLT, 
with or without corticosteroids. More recently, mycophenolate mofetil (MMF) has replaced 
the use of AZA in many centers. Before the advent of CsA, 5-year survival after OLT was 
less than 20%. Current survival rates 1, 3, and 5 years after liver transplantation in the 
United States are 88%, 80%, and 75%, respectively (UNOS, 2010).  

Advancements in surgical techniques and technologies also account for the increased 
success of OLT. In particular, the standardization of biliary tract reconstruction, advances in 
retransplantation, and improvements in surgical technology help explain better patient 
outcomes.  Examples of developments in technology include pump-driven veno-venous 
bypass that does not require recipient heparinization, rapid infusion, and autologous auto-
transfusion devices. Additionally, improved procurement and preservation techniques for 
the donor liver and increased insight into the management of potentially fatal complications 
have led to improved patient morbidity and mortality. 

2. Evolution of liver transplant indications 
Nowadays, liver transplantation is indicated for acute or chronic liver failure of any cause 
(Table 3).  

Cirrhosis due to chronic hepatitis C infection is one of the most common indications for liver 
transplantation in the United States and Europe. Despite effective antiviral treatments 
including Pegylated Interferon, Ribavirin, and direct-acting antiviral agents (DAAs), this 
indication is likely to remain important for the coming decades given the large prevalence of 
chronic hepatitis C infection and the propensity of the disease to lead to cirrhosis and 
hepatocellular carcinoma (HCC) (Merion, 2010). 

Chronic hepatitis B has become a less common indication, mostly due to the advent of 
universal vaccination. Additionally, dramatic improvements in the treatment of hepatitis B, 
such as the development of nucleoside/nucleotide analogues, has reduced the number of 
patients with chronic hepatitis B progressing to end-stage liver disease.  However, in parts 
of the world where chronic hepatitis B is endemic, including much of Asia, this remains the 
most common indication (Perrillo, 2009). 

Alcohol-related liver disease is an important indication for OLT in Western countries and is 
oftentimes associated with concomitant hepatitis C infection. In the past, patients with 
alcohol-related liver disease and alcohol dependence were often refused access to liver 
transplantation due to unjust societal allocation of scarce donor organs. However, a careful 
assessment with the support of a health care professional experienced in the management of 
patients with addictive behavior is associated with low rates of recidivism after OLT (Lucey, 
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1992). Nowadays, this indication has become more commonly accepted, as long as patients 
demonstrate sobriety of at least 6 months duration. 
 

Year of Transplant 

Primary 
Diagnosis 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 

Total 4,424 4,498 4,595 4,673 4,969 5,351 5,847 6,120 6,362 6,223 

Noncholestatic 
cirrhosis 2,790 2,899 2,956 2,973 3,091 3,151 3,514 3,709 3,732 3,547 

Cholestatic 
liver disease 563 499 475 471 492 513 510 467 552 555 

Acute hepatic 
necrosis 349 405 436 366 369 355 425 448 371 368 

Biliary atresia 214 188 161 172 164 175 187 179 143 174 

Metabolic liver 
disease 163 152 165 170 152 183 180 200 215 175 

Malignant 
neoplasm 98 87 84 142 3311 371 481 610 774 783 

Other 247 258 318 378 370 603 550 507 575 608 

a 2008 Annual Report of the U.S. Organ Procurement and Transplantation Network and the Scientific 
Registry for Transplant Recipients: Transplant Data 1998–2007. Rockville, MD: U.S. Department of 
Health and Human Services, Health Resources and Services Administration, Healthcare Systems 
Bureau, Division of Transplantation; 2009 

Table 3. Primary Diagnosis of Deceased Donor Liver Transplant Recipients, 1998 to 2007a 

Cholestatic liver disease is becoming an increasingly uncommon indication for OLT. Data 
from UNOS show that among cadaveric liver transplants in 1991, 18% were for cholestatic 
liver disease, compared with 10% in 2000 and only 7.8% in 2008 (UNOS, 2010). The 
incidence and prevalence of primary biliary cirrhosis (PBC) are steadily increasing whereas 
the absolute number of OLT performed for PBC is falling (UNOS, 2010; ELTR, 2010). 
Reasons for this decline in the number of transplants for PBC are not clear but may relate to 
a changing pattern of disease, increased rates of diagnosis, and more effective treatment. 
The number of transplants for primary sclerosing cholangitis (PSC) in western countries 
during the period 1995-2006 has remained stable and represents 8% of all liver transplants. 
In some areas that have a relatively low prevalence of hepatitis C and alcoholic liver disease 
(ALD), such as the Scandinavian countries, PSC is the leading indication for OLT, 
accounting for 16% of the indications (Nordic Liver Transplant Registry, 2010). 

Nonalcoholic fatty liver disease (NAFLD) is becoming one of the most common liver 
disorders in developed countries. Because this disorder can lead to cirrhosis in a number of 
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patients and is associated with an increased risk of hepatocellular carcinoma (HCC), it is an 
increasingly frequent indication for liver transplantation (Burke, 2004). Considering the 
current obesity epidemic, NAFLD may become the most common indication for liver 
transplantation in the coming years. 

Primary HCC is a unique and evolving indication for liver transplant. Initially, outcomes in 
liver transplantations for patients with unresectable HCC were not encouraging. Ninety 
percent of those transplanted for HCC developed recurrent disease within 2 years.  As a 
result, HCC was considered a contraindication to transplantation for a number of years. 
Ongoing research on HCC post-transplant elucidated that important predictors of 
recurrence are tumor characteristics, such as tumor size, stage, and grade, number of 
nodules, micro- or macrovascular invasion, serum levels of alpha-fetoprotein, and 
demonstrated absence of extrahepatic spread. In 1996, Mazzaferro and colleagues defined 
the Milan criteria, which require a single tumor ≤ 5 cm in diameter or no more than three 
tumor nodules, each ≤ 3 cm in diameter. Liver transplant in patients meeting the Milan 
criteria have excellent outcomes and low recurrence rates (Mazzaferro, 1996). 
Augmentations to the Milan criteria are currently being debated in the liver transplant 
community. The San Francisco criteria, which require either a single lesion ≤ 6.5 cm or up to 
three lesions none of which is >4.5 cm and with total tumor diameter ≤ 8 cm, have been widely 
debated, but no consensus has yet emerged (Yao, 2001). Finally, more attention has been given 
to the role of downstaging by locoregional therapy for otherwise unsuitable candidates. 
Treatments to shrink nodules, including radiofrequency ablation, transcatheter arterial 
chemoembolization, and novel thermal and non-thermal techniques for tumor ablation offer 
strategies for subsequent transplantation in patients with more advanced lesions.  

Many inborn errors of metabolism have been successfully treated with liver transplantation 
(Kayler, 2003). 

Acute liver failure has long been considered an appropriate indication for liver transplant. 
Patients with fulminant hepatic failure should be referred to a transplant center as quickly 
as possible for critical care management. If given appropriate critical care support, many 
patients spontaneously recover. Patients predicted to have little chance of spontaneous 
recovery should undergo transplantation as soon as possible. New technologies using 
bioartificial liver devices including both a biological component and an artificial scaffold 
may offer some promises for patients with acute liver failure. However, these technologies 
have not become widely available yet, and therefore OLT remains an important treatment 
(Demetriou, 2004; Ellis, 1996). 

3. Historical contraindications to OLT 
3.1 Absolute contraindications 

3.1.1 Splanchnic venous thrombosis 

Splanchnic venous thrombosis and portal hypertension surgery are both part of the natural 
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1992). Nowadays, this indication has become more commonly accepted, as long as patients 
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Table 3. Primary Diagnosis of Deceased Donor Liver Transplant Recipients, 1998 to 2007a 
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patients with splanchnic venous thrombosis. If eversion thrombectomy is not possible, a free 
iliac interposition graft between the allograft portal vein and the superior mesenteric vein is 
indicated. Sometimes it is possible to connect the allograft portal vein to a collateral vein. In 
cases of extended splanchnic thrombosis, cavo-portal hemi-transposition or combined liver-
intestinal transplantation are the last resorts for treatment (Lerut, 1997). 

3.1.2 Hepatopulmonary Syndrome (HPS) 

HPS is defined as a pO2 < 70 mmHg in an upright position. It is present in up to 20% of 
cirrhotic patients. Even in cases where oxygen saturation is below 50 mmHg, this situation 
can be reversed by a successful OLT. The post-transplant recovery is usually more 
complicated necessitating adapted respiratory care. The pre-transplant baseline macro-
aggregated albumin shunt fraction may indicate the limits of correction following OLT 
(Starzl, 1990). 

3.1.3 Sepsis outside the hepatobiliary system 

Active extra-hepatic infection compromises outcomes of OLT. Nonetheless, transplantation 
can be performed successfully if the infection is confined to the lungs or the ascites and does 
not cause hemodynamic instability (Starzl, 1990). Post-transplant care is usually much more 
prolonged and expensive if the patient has sepsis outside the hepatobiliary system. 

3.1.4 Primary malignant disease outside the hepatobiliary system 

Based on the embryological development theory, Starzl advocated the ‘en block’ or ‘cluster 
transplant’ in order to treat extended hepatobiliary malignancies and liver metastases from 
neuroendocrine tumors. Although initial success was promising, longterm results were 
disappointing. (Lerut, 2007, 2011; Starzl, 1990). 

Pre-OLT malignancies or malignancies discovered incidentally during the OLT-procedure 
are no longer contraindications to OLT as shown by the Kings’ College study. Metastatic 
hepatobiliary malignancy is an emerging indication for OLT. After successful 
chemotherapeutic treatment of hepatic and thoracic tumor involvement in children with 
hepatoblastoma, excellent results have been obtained with OLT. Similarly, excellent 
longterm results have been obtained for epithelioid hemangio-endothelioma. In the latter 
group some centers propose sequential or simultaneous hepatopulmonary transplantation 
(Lerut, 2007). 

The role of OLT in the treatment of neuroendocrine tumors with hepatic involvement is 
continuously evolving. Excellent OLT results can be obtained in select, young (<50 years) 
patients after R0 resection of the primary tumor for more than six months prior to 
transplant. Furthermore, if the primary lesion has favorable tumor biology (as expressed by 
a Ki67 index of < 5-10%) and has a portal vein drainage, results are significantly improved 
(Bonaccorsi-Riani, 2010). 

It is evident that all oncologic patients that undergo OLT will benefit from adapted 
immunosuppression. Minimization of immunosuppression and use of the m-TOR inhibitor, 
rapamycin, are of paramount importance. Rapamycin has antitumor activity based on 
antiangiogenic properties. 
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The most recent development in the field of OLT is the treatment of metastatic colorectal 
malignancy. The Oslo-SECA (SEcondary CAncer) study indicates that OLT will have a role 
in the treatment of colorectal metastases on the condition that adapted chemotherapy and 
immunosuppression are employed after the transplant procedure. Preliminary results 
obtained in the Oslo-SECA cases show nearly 50% 5-year survival after OLT (Foss, 2011). 

3.1.5 Alcohol abuse 

OLT in active alcoholic patients has always been discussed heavily within the medical 
community (Starzl, 1990). The ‘six month abstinence rule’ is not generally enforced, and 
some French groups even advocate OLT in cases of severe acute alcoholic hepatitis 
(Mathuri, 2005).  

3.1.6 Drug abuse 

Although also heavily debated, some groups in New York showed that OLT can be 
successful in recipients on methadone maintenance. 

Both alcohol and drug abusers need exceptionally tight follow-up during the pre- and post-
transplant period. It is of utmost importance to take familial, professional, and social 
conditions into consideration in these potential patients (Starzl, 1990). 

3.1.7 Advanced cardiopulmonary disease 

Two-staged cardiac and hepatic transplantion is becoming more frequent (Starzl, 1990). 
Several case reports have been published about simultaneous liver and heart transplantation 
in the context of familial amyloid polyneuropathy (FAP) and hemochromatosis. 
Simultaneous OLT with coronary, valvular, or arrythmia surgery has also been reported. 
These surgeries are complex and have stimulated major interest in both cardiovascular and 
hepatic experts of transplant centers. 

3.1.8 Viral infections 

Viral cirrhosis was once an absolute contraindication to OLT because of the universal 
recurrence of the disease in the liver allograft (Lerut, 1998).  The landmark paper of Samuel 
in 1993 showed that adequate antiviral prophylaxis using specific anti-HBs antibodies 
protects the allograft from reinfection (Samuel, 1993). Further improvement has been 
achieved by combining nucleoside and nucleotide analogues with immunoglobulins. This 
prophylactic combination was able to reduce the incidence of allograft reinfection from 
100% to 5%. Moreover, those with HBV gain an immunologic advantage from 
immunoglobulin treatment due to immunoglobulins producing a tolerogenic effect on 
dendritic cells. 

3.1.9 Age 

Increasing numbers of transplants are done in patients aged over 65 and 70 years of age 
(Starzl, 1990). The initial Pittsburgh results have now been confirmed by most transplant 
centers. 
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3.1.10 Inability to accept or understand the procedure 

OLT is accessible to patients in all levels of society. Successful OLT has been reported in 
Down Syndrome patients and in drug abusers. Adequate preparation by medical, 
paramedical, and clinical coordinator teams is of utmost importance in complicated clinical 
scenarios. 

3.2 Relative contraindications 

3.2.1 Intra-hepatic or biliary sepsis 

Chronic biliary infection is frequent in Caroli disease, primary sclerosing cholangitis, and 
secondary sclerosing cholangitis. Because the infection is usually confined to the liver, 
outcome of OLT is excellent as transplantation removes the source of the infection. OLT is 
especially valuable in these patients as it dramatically improves their quality of life. 

3.2.2 Advanced liver disease in abstinent alcoholic patients 

The Model for End-Stage Liver Disease (MELD) scoring system aims to reduce liver waitlist 
mortality by transplanting sicker patients more rapidly. Abstinent alcoholics frequently 
belong to the sickest patient groups. Nowadays, OLT is a very good indication in such 
patients if the recipient remains abstinent and is compliant. If the recipient remains 
abstinent, alcoholic cirrhosis is one of the best indications for OLT as this is the only disease 
that does not recur in the allograft.  Moreover, abstinent alcoholics that receive OLT offer a 
unique opportunity to study the effect of immunosuppression withdrawal without primary 
disease involvement in the allograft. 

3.2.3 Previous abdominal surgery 

Many transplant recipients have undergone previous abdominal and right upper quadrant 
surgery. These interventions can compromise the transplant procedure.  Thus, exploratory 
or staging laparotomies as well as unnecessary cholecystectomies and cyst fenestrations 
should be avoided in future OLT patients.  Interventional radiology procedures such as the 
Transjugular Intrahepatic Portosystemic Shunt (TIPSS) are preferred in potential OLT 
recipients instead of portal hypertension surgery. In cases where portal hypertension 
surgery cannot be avoided, meso-caval or spleno-renal shunts are the preferred options 
leaving the hilar region intact. 

3.2.4 HIV infection 

HIV patients that are well controlled on Highly Active Antiretroviral Therapy (HAART) are 
generally not contraindicated for OLT. The indication for OLT relates more so to 
concomitant HCV and/or HBV infection. Co-infected patients are at higher post-OLT 
infectious risk. Particular attention should be given to the interaction between anti-viral 
drugs and calcineurin inhibitors. 

3.2.5 Positive HBsAg status 

See above. 
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4. Future perspectives 
Criteria for placement on the waiting list have become more quantitative. Continuous 
refinement of the allocation system will improve the management of the waiting list 
(Metsellaar, 2011).  

Alternative techniques such as split liver transplantation (SLT) and living donor liver 
transplantation (LDLT) will allow for expansion of the allograft pools. The bipartition of the 
liver is especially important in pediatric patients for whom size-matched whole liver 
allografts are scarce. Split grafts have been associated with reduction in the risk of death on 
the pediatric waiting list. However, SLT is much less successful in the adult-adult SLT. 
Donor selection for splitting and technical and logistical expertise to decrease total ischemia 
time are important factors in successful transplantation. A better understanding of the liver 
anatomy and improving surgical skills have allowed living liver donation to become a 
routine procedure in some centers. Given the major risks of the operation required for the 
donor, whether this procedure will ever find wide application is unclear. 

As there will always be more potential recipients than donors, many researchers are 
working in the field of artificial tissue engineering and regenerative medicine (RM) 
(Orlando, 2011a, 2011b, 2011c, 2011d, 2012a, 2012b, 2012c). RM holds the promise of 
regenerating tissues and organs by either stimulating previously irreparable tissues to heal 
themselves, by treating liver disease with cell therapies, or by manufacturing tissues ex vivo 
using extracellular matrix (ECM) scaffolds. 

This last approach, uses ECM scaffolds that have an intact but decellularized vascular network 
that is repopulated with autologous or allogeneic stem cells and/or adult cells. Liver ECM 
scaffolds may be produced from humans or animals. In the latter case, human cells are used to 
repopulate a scaffold of animal origin, coining a new concept called semi-xenotransplantation 
(Orlando, 2011a, 2011b). Importantly, preemptive transplantation with regenerated tissues will 
improve outcomes, especially in cases of metabolic and cystic liver disease. 

Future progress in the medical treatment of oncology will enhance outcomes in OLT (Lerut, 
2007, 2011; Bonaccorsi-Riani, 2010, Foss, 2011). As treatments of vascular tumors, advanced 
hepatocellular cancer, cholangiocellular cancer, neuroendocrine tumors, and colorectal liver 
metastases improve, indications for OLT in the 21st century will become more inclusive of 
advanced oncologic disease states. 

Combined organ transplantation is becoming more frequent as many liver diseases are 
accompanied by renal function impairment. Nowadays, 15% of all liver recipients have 
combined liver-kidney transplantation. 

Transplant teams should focus more on late morbidity and mortality. Currently, the majority 
of long-term survivors die from infectious disease, cardiovascular disease, or cancer while 
having a functional graft. This mortality is directly related to the strength of the maintenance 
immunosuppression. Minimization or even withdrawal of immunosuppressive protocols 
must become a priority in organ transplantation (Lerut, 2003, 2008). Unfortunately, tolerance 
protocols are frequently based on a trial and error approach, as good markers to predict 
tolerance are not yet available (Lerut, 2006). As the liver is an immunoprivileged organ with 
relatively high resistance against immune responses, liver recipients should be at the forefront 
of this research. 
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5. Conclusion 
Since the first transplantation was performed much progress has been made in the field of 
OLT. Indications for liver transplant have evolved to include previously contraindicated 
conditions such as those with hepatocellular carcinoma and alcohol-related liver disease. All 
but one (active sepsis outside the biliary system) contraindication to OLT has been 
eliminated.  As a result, more than 200,000 patients have been transplanted, many with 
excellent long-term success. With indications to transplantation increasing and 
contraindications waning, many more patients will be transplanted in the future.  

The future of liver transplantation will be no less challenging for its practitioners. The main 
challenge is the shortage of organs, and many strategies are in place to address this problem. 
In the near future, immunologic discoveries will allow for an immunosuppression-free state 
of many recipients. This will guarantee better quality of life and similar survival expectancy 
as non-transplanted patients. Regenerative medicine technology applied to liver 
transplantation has the potential to meet the two major needs: namely, the identification of a 
potentially inexhaustible source of livers and an immunosuppression-free state. In the ideal 
scenario, livers will be manufactured from autologous cells with no need for anti-rejection 
therapy. 
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5. Conclusion 
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OLT. Indications for liver transplant have evolved to include previously contraindicated 
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excellent long-term success. With indications to transplantation increasing and 
contraindications waning, many more patients will be transplanted in the future.  
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transplantation has the potential to meet the two major needs: namely, the identification of a 
potentially inexhaustible source of livers and an immunosuppression-free state. In the ideal 
scenario, livers will be manufactured from autologous cells with no need for anti-rejection 
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1. Introduction 
A wide variety of diseases, including cirrhosis, unresectable hepatic malignancy, ischemia, 
metabolic and auto-immune disorders, and hepatitis, whether caused by viral agents or 
drugs/toxins, can trigger hepatic insufficiency and failure, a life-threatening situation for 
which liver transplantation is the only definitive therapy [1-4]. Over 16,000 patients are 
currently awaiting the availability of a liver from a compatible donor [5], and many of these 
patients will die without ever receiving a transplant, due to the current shortage of available 
donor organs [6]. Furthermore, even when a patient is fortunate enough to find a compatible 
donor and receive a liver transplant, several factors can still thwart the ultimate success of 
this procedure. Operative damage, immune rejection towards the new organ, relapse of the 
pre-existing liver disease, and life-long side effects due to immunosuppression are among 
the most common complications [7, 8]. Furthermore, after liver transplantation, several long-
term morbidities can arise, such as cardiovascular and retinal complications, 
lymphoproliferative disorders, and chronic renal failure [8-10]. Additionally, it is anticipated 
that the number of patients in need of liver transplantation will increase in the next decade, 
due to the obesity epidemic and the higher incidence of Hepatitis C infection. Therefore, 
new therapeutic approaches that can eliminate the need for partial or complete liver 
transplantation are urgently needed. 

A valuable alternative to entire or partial liver transplantation is the delivery of cells capable 
of restoring normal organ physiology [11-19]. The use of cell therapy possesses several 
inherent advantages over organ transplantation: the procedure could be performed in a 
much less invasive way, the purified cell populations may be less immunogenic [20], and 
the use of autologous cells could be implemented [21]. 

Hepatocyte transplantation has been considered one of the most promising alternatives to 
liver transplantation, as these cells offer the benefit of being fully functional and are 
therefore able to quickly replace damaged hepatocytes upon delivery [22]. Also, the ability 
to cryopreserve and store hepatocytes gives the advantage of having a source of cells 
available when required. However, accessibility of hepatocytes at the required numbers for 
clinical intervention is still problematic, as human livers are required for their isolation, and 
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the harvesting and storing procedures are difficult and inefficient [23]. Additionally, 
differentiated hepatocytes have limited proliferation capabilities, and in vitro culture may 
alter their physiological and functional characteristics [24], making it difficult to obtain an 
adequate number of hepatocytes of sufficient quality for transplantation [25]. Further 
compounding these difficulties, it has been shown that, following transplantation, only a 
small percentage of the infused hepatocytes actually survive and durably engraft within the 
liver [26-30].  

A better alternative to the use of adult hepatocytes is exploiting the presence, within the 
liver, of hepatic stem/progenitor cells (HpSCs), and the intrinsic ability of these cells to 
extensively expand, differentiate into all mature liver cells, and reconstitute the liver when 
transplanted, with minimal immunogenicity[31, 32]. HpSCs are found in the Canals of 
Hering in adult livers, and in ductal plates of the fetal liver. They can be easily isolated by 
immunoselection using an antibody against the epithelial cell adhesion molecule (EpCAM) 
and, they comprise approximately 0.5-5% of the liver parenchyma depending on age [33]. 
Although there is controversy regarding the cell surface markers that define this cell 
population, positivity for EpCAM, NCAM, or CD133, and negativity for AFP are currently 
considered to be the most accepted markers. The potential of these cells has been clearly 
demonstrated in numerous murine studies, and a few studies in humans have confirmed 
the presence and regenerative properties of HpSCs in the presence of viral hepatitis, 
cirrhosis or inborn metabolic disorders [34-37].  

In the last decades, alternative sources of stem cells have raised great hope for improving 
the treatment of liver diseases. In particular, the demonstration that cells within the bone 
marrow contributed, at different levels, to liver parenchymal cells opened the possibility of 
using autologous cells to treat liver disorders/diseases [38-52]. Amongst these, 
mesenchymal stem cells (MSC) have been considered an ideal cell source because of their 
ease of isolation and expansion, their immunomodulatory properties, and their broad 
differentiation potential [53, 54]. 

2. Mesenchymal stem cells 
Mesenchymal stem cells (MSC), also referred to as marrow stromal cells or stromal 
precursor cells, were first described in the 1960s by Friedenstein, and shown to belong to the 
bone marrow stromal microenvironment that supports hematopoietic stem cells and 
controls the process of hematopoiesis[55]. These cells were also shown to be able to 
differentiate into multiple lineages of mesenchymal tissues, including bone, cartilage, fat, 
tendon, and muscle [56-58]. Numerous culture methods and purification procedures such as 
plastic adherence, Ficoll gradient centrifugation, or cell-sorting using surface markers have 
all been used to enrich for bone marrow-derived MSC, with each laboratory preferring its 
own method of isolation. This makes the comparison of results obtained by various 
laboratories very difficult, since each lab is likely studying somewhat different cell 
populations, despite the fact that all of these cells have collectively been referred to as MSC. 
According to the International Society for Cellular Therapy, MSC should have several 
characteristics in addition to adherence to plastic. They must express CD105, CD73, CD90, 
but not express CD45, CD34, CD14, CD11b, CD79 or CD19 and HLA-DR surface markers. 
Furthermore, they must be able to differentiate into osteocytes, chondrocytes, and 
adipocytes [59]. Although MSC constitute a very small percentage of the nucleated cells 
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present in the BM, between 0.001 and 0.01%, these cells can be expanded exponentially 
while maintaining their original phenotype and differentiation potential, making it possible 
to easily obtain adequate numbers for cell-based therapies. These characteristics make MSC 
ideal agents for cell replacement therapies 

2.1 Properties of Mesenchymal stem cells 

In keeping with the original findings of Friedenstein, MSC are still most often isolated from 
the bone marrow. In humans, these “BM-MSC” are usually collected from the superior iliac 
crest of the pelvis; however, they can also be obtained from the tibial and femoral marrow 
compartments [60], and the thoracic and lumbar spine [61]. In larger animals, BM-MSC are 
isolated from the same areas. In contrast, in small animals such as mice, a bone marrow 
aspiration is not possible, so BM-MSC are harvested by flushing the mid-diaphysis of the 
tibia or femur [61]. 

In stark contrast to hematopoietic stem cells, MSC can easily be expanded in culture for 
many passages without losing their phenotype or pluripotency capability [60]. Indeed, 
Bruder et al. demonstrated that human BM-MSC can readily be propagated in vitro until 
passage 38±4; after that passage the cells turn flat and very broad, indicating they have 
reached senescence [62]. Moreover, by plating these cells at a low density and consistently 
passaging them before they have reached confluence, it is possible to accelerate their growth 
rate and increase their expansion capacity [63]. 

Over the past several years, studies have provided compelling evidence that MSC’s 
differentiation capacity far exceeds that originally reported by Friedenstein. Indeed, in vitro 
and in vivo transplantation studies have now shown that MSC have the capacity to 
differentiate not only into mesodermally-derived cell types such as bone [64], cartilage [65], 
tendon [66], muscle [67], cardiomyocytes [68] and adipose tissue [69], but, even more 
remarkably, can also give rise to cells that developmental biology classifies as being derived 
from ectoderm (neurons and astrocytes [70, 71]) and endoderm (pancreatic beta cells [72] 
and hepatocytes [73]). This extraordinary multipotentiality has generated a great deal of 
interest in applying MSC to tissue repair/regeneration as well as cell therapy approaches for 
a variety of diseases/injuries. 

In addition to their broad differentiation potential, MSC also appear to possess the intrinsic 
ability to migrate, or home, to sites of injury following systemic infusion. Importantly, from 
the standpoint of developing a clinically viable and safe cell-based therapeutic, MSC appear 
to selectively engraft and differentiate into tissue-specific cells that are missing or defective 
due to the disease in question, while contributing very little, if at all, to normal/healthy 
tissue [74-77]. For the past several years, scientists have attempted to elucidate the 
mechanism by which MSC are selectively attracted to sites of injury. During pathological 
conditions, several cytokines/chemokines are produced, which will stimulate MSC to 
express: 1) integrins, by which MSC will bind to endothelial cells, and 2) 
cytokine/chemokine receptors, by which MSC will migrate towards the inflammatory site. 
This complex network of signaling allows MSC to establish cell-cell contact and mediate 
rolling with endothelial cells. Additionally, they also transmigrate into the extracellular 
matrix by interacting with integrins and fibronectin stimulated by MSC-secreted ligands. 
Despite these insights, however, more information is required for a complete understanding 
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of this process. This understanding could then be used to develop means of enhancing MSC 
engraftment after transplantation [78].  

The ability of MSC to reprogram to cells specific to other organs/tissues suggested that MSC 
would have to replace a significant percentage of the damaged cells within a 
diseased/injured organ to exert a beneficial effect. However, controversy arose in the MSC 
field when a series of studies were published demonstrating a reproducible therapeutic 
improvement in the absence of detectable MSC engraftment. These findings sparked 
additional studies that have now shown that MSC can also mediate tissue repair by acting 
as “trophic factories”, releasing specific cytokines and growth factors that modulate the 
activity of tissue-specific cells, suppress local inflammation, and inhibit fibrosis and 
apoptosis, thereby facilitating endogenous tissue regeneration [79]. Adding to the 
complexity of the functions/effects of MSC, it was recently discovered that MSC can 
transfer mitochondria or mitochondrial DNA to cells that have been damaged by ischemia 
and reperfusion. By transferring mitochondria or mitochondrial DNA, MSC can rescue the 
cells that have non-functional mitochondria, rescuing these cells and enabling regeneration 
of the tissue [80]. In recent years, it was also shown that MSC express an array of miRNA’s, 
small non-coding RNA’s that are involved in gene regulation [81]. It is believed that a single 
miRNA can regulate several different target genes and a single gene can be regulated by 
multiple miRNA’s. Studies to date have provided evidence that miRNA’s are involved with 
stem cell differentiation, hematopoiesis, immune response, neurogenesis, stress responses, 
and the development of skeletal and cardiac tissue [82-84]. These regulatory miRNA’s have 
now been shown to be present inside microvesicles that are secreted by MSC, which are 
then transferred to neighboring cells to regulate their activities. This pathway provides yet 
another means by which MSC can communicate with injured cells. Following secretion of 
the microvesicles, the miRNA’s contained therein can then enter the injured cell and induce 
differentiation and/or production of soluble mediators, and stimulate cell-cycle re-entry; the 
net result of these myriad actions being tissue regeneration [85]. 

Upon arrival at the site of injury, MSC also fulfill another vital function, which is to 
modulate the inflammatory microenvironment present within the damaged/diseased tissue. 
MSC possess an extraordinary ability to modulate immune cells, exerting these effects by 
releasing soluble factors and by cell-cell contact. MSC are known to inhibit proliferation and 
maturation of cytotoxic T cells, helper T cells, B cells, dendritic cells, and NK cells, as well as 
to inhibit NK-mediated cytotoxicity. These broad-ranging actions enable MSC to interfere 
with each component of the adaptive immune system. MSC can also stimulate the 
differentiation of Tregs, which can further dampen the immune response. MSC are known 
to release a host of soluble factors, which have been associated with their immuno-
modulatory properties including transforming growth factor-β, prostaglandin-E2, inducible 
NOS, nitric oxide, IL-10, HLA-G, hepatocyte growth factor, and indoleamine 2,3-
dioxygenase. By dampening the ongoing inflammation and/or aberrant immune reaction 
present within the damaged/diseased tissue, MSC facilitate the process of repair/recovery, 
further adding to the promise of using these cells for regenerative medicine [78].  

In addition to the inherent properties of MSC that make them well suited for cellular 
therapy, it is important to realize that MSC can easily be genetically manipulated in vitro, 
with both viral and non-viral vectors, to enhance their immunosuppressive properties [86, 
87], to deliver a protein that is missing/defective in the patient, to induce apoptosis of tumor 
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cells, to promote cell proliferation, to guide their migration to a specific site within the body, 
and even to direct their differentiation towards a specific cell lineage [88-90], making the 
range of clinical applications for which MSC could be used almost limitless. 

2.2 Sources of Mesenchymal stem cells 

In addition to their presence in the bone marrow, these MSC have also been identified in, 
and isolated from, several other tissues including cord blood (CB-MSC), cord matrix 
(hWJSCs), amniotic fluid (AF-MSC), placenta, adipose tissue (AT-MSC), brain, liver, lung, 
and kidney [91-93]. The presence of these cells in several organs/tissues raises the 
possibility that they could have a crucial function in organ homeostasis, and/or repairing 
the tissue, and suggests that MSC isolated from these tissues may have a unique 
transcriptional or proteomic signature that renders these cells biased in terms of homing or 
differentiation towards the organ of origin. Differences also exist in the cytokine/chemokine 
molecules produced by MSC from various sources and in their differentiation capabilities 
[94, 95]. Using fetal liver MSC (FL-MSC) as an example to illustrate these differences, FL-
MSC exhibit much more rapid growth kinetics than BM-MSC, due, at least in part, to a 
greater abundance of transcripts involved in cell cycle regulation, DNA repair and 
chromatin regulation. In addition, analysis of telomerase activity and telomere length 
revealed that fetal liver MSC telomeres are longer and these cells possess greater telomerase 
activity than adult sources of MSC. As a result, these cells are more expandable and they 
become senescent later in culture [96]. Fetal liver MSC also express more primitive genes, 
such as Oct-4, Nanog, and SSEA-3 than their adult counterparts, but transcripts involved in 
differentiation towards more mature cells are reduced relative to MSC from other sources. 
More importantly from the standpoint of clinical utility, fetal liver MSC also exhibit reduced 
immunogenicity compared to adult BM-MSC, perhaps due to expression of higher levels of 
HLA-G1 [97]. In addition to reduced immunogenicity, fetal liver MSC also demonstrated an 
enhanced immunomodulatory function than BM-MSC when tested for their ability to inhibit 
T cell proliferation [98]. Despite all the promising characteristics of these cells, very few 
studies have examined their utility/potential in vivo. In one of these studies, rabbit fetal liver 
MSC were tested for their engraftment, proliferation and differentiation capabilities 
following in utero transplantation. Two routes of administration were analyzed, intrahepatic 
and intra-amniotic. Both approaches were safe for both the mother and the fetal recipient, 
but only the intrahepatic route resulted in the formation of donor-derived hepatocytes in the 
liver. While the levels of hepatocyte production were low, the engraftment persisted for at 
least 16 weeks after transplantation [99].  

Despite their many unique characteristics and promise of offering MSC primed for repair of 
specific tissues, the inherent difficulty in obtaining organ-specific MSC such as those 
derived from liver, will likely preclude their widespread use in a clinical setting. Ideally, for 
cellular therapies, one would like a readily available source of cells that could be used as off-
the-shelf therapeutics. MSC are present in significant numbers in discardable tissues such as 
cord blood, placenta and amniotic fluid, and these MSC have the ability to be expanded and 
frozen without loss of viability or differentiative potential, making MSC from these tissues 
an attractive option. Indeed, both AF-MSC [100] and CB-MSC [101] were shown, upon 
transplantation in vivo, to give rise to hepatocytes, suggesting they have definite potential as 
cellular therapeutic for treating liver diseases. Having considered these two very different 
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of this process. This understanding could then be used to develop means of enhancing MSC 
engraftment after transplantation [78].  

The ability of MSC to reprogram to cells specific to other organs/tissues suggested that MSC 
would have to replace a significant percentage of the damaged cells within a 
diseased/injured organ to exert a beneficial effect. However, controversy arose in the MSC 
field when a series of studies were published demonstrating a reproducible therapeutic 
improvement in the absence of detectable MSC engraftment. These findings sparked 
additional studies that have now shown that MSC can also mediate tissue repair by acting 
as “trophic factories”, releasing specific cytokines and growth factors that modulate the 
activity of tissue-specific cells, suppress local inflammation, and inhibit fibrosis and 
apoptosis, thereby facilitating endogenous tissue regeneration [79]. Adding to the 
complexity of the functions/effects of MSC, it was recently discovered that MSC can 
transfer mitochondria or mitochondrial DNA to cells that have been damaged by ischemia 
and reperfusion. By transferring mitochondria or mitochondrial DNA, MSC can rescue the 
cells that have non-functional mitochondria, rescuing these cells and enabling regeneration 
of the tissue [80]. In recent years, it was also shown that MSC express an array of miRNA’s, 
small non-coding RNA’s that are involved in gene regulation [81]. It is believed that a single 
miRNA can regulate several different target genes and a single gene can be regulated by 
multiple miRNA’s. Studies to date have provided evidence that miRNA’s are involved with 
stem cell differentiation, hematopoiesis, immune response, neurogenesis, stress responses, 
and the development of skeletal and cardiac tissue [82-84]. These regulatory miRNA’s have 
now been shown to be present inside microvesicles that are secreted by MSC, which are 
then transferred to neighboring cells to regulate their activities. This pathway provides yet 
another means by which MSC can communicate with injured cells. Following secretion of 
the microvesicles, the miRNA’s contained therein can then enter the injured cell and induce 
differentiation and/or production of soluble mediators, and stimulate cell-cycle re-entry; the 
net result of these myriad actions being tissue regeneration [85]. 

Upon arrival at the site of injury, MSC also fulfill another vital function, which is to 
modulate the inflammatory microenvironment present within the damaged/diseased tissue. 
MSC possess an extraordinary ability to modulate immune cells, exerting these effects by 
releasing soluble factors and by cell-cell contact. MSC are known to inhibit proliferation and 
maturation of cytotoxic T cells, helper T cells, B cells, dendritic cells, and NK cells, as well as 
to inhibit NK-mediated cytotoxicity. These broad-ranging actions enable MSC to interfere 
with each component of the adaptive immune system. MSC can also stimulate the 
differentiation of Tregs, which can further dampen the immune response. MSC are known 
to release a host of soluble factors, which have been associated with their immuno-
modulatory properties including transforming growth factor-β, prostaglandin-E2, inducible 
NOS, nitric oxide, IL-10, HLA-G, hepatocyte growth factor, and indoleamine 2,3-
dioxygenase. By dampening the ongoing inflammation and/or aberrant immune reaction 
present within the damaged/diseased tissue, MSC facilitate the process of repair/recovery, 
further adding to the promise of using these cells for regenerative medicine [78].  

In addition to the inherent properties of MSC that make them well suited for cellular 
therapy, it is important to realize that MSC can easily be genetically manipulated in vitro, 
with both viral and non-viral vectors, to enhance their immunosuppressive properties [86, 
87], to deliver a protein that is missing/defective in the patient, to induce apoptosis of tumor 
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cells, to promote cell proliferation, to guide their migration to a specific site within the body, 
and even to direct their differentiation towards a specific cell lineage [88-90], making the 
range of clinical applications for which MSC could be used almost limitless. 

2.2 Sources of Mesenchymal stem cells 

In addition to their presence in the bone marrow, these MSC have also been identified in, 
and isolated from, several other tissues including cord blood (CB-MSC), cord matrix 
(hWJSCs), amniotic fluid (AF-MSC), placenta, adipose tissue (AT-MSC), brain, liver, lung, 
and kidney [91-93]. The presence of these cells in several organs/tissues raises the 
possibility that they could have a crucial function in organ homeostasis, and/or repairing 
the tissue, and suggests that MSC isolated from these tissues may have a unique 
transcriptional or proteomic signature that renders these cells biased in terms of homing or 
differentiation towards the organ of origin. Differences also exist in the cytokine/chemokine 
molecules produced by MSC from various sources and in their differentiation capabilities 
[94, 95]. Using fetal liver MSC (FL-MSC) as an example to illustrate these differences, FL-
MSC exhibit much more rapid growth kinetics than BM-MSC, due, at least in part, to a 
greater abundance of transcripts involved in cell cycle regulation, DNA repair and 
chromatin regulation. In addition, analysis of telomerase activity and telomere length 
revealed that fetal liver MSC telomeres are longer and these cells possess greater telomerase 
activity than adult sources of MSC. As a result, these cells are more expandable and they 
become senescent later in culture [96]. Fetal liver MSC also express more primitive genes, 
such as Oct-4, Nanog, and SSEA-3 than their adult counterparts, but transcripts involved in 
differentiation towards more mature cells are reduced relative to MSC from other sources. 
More importantly from the standpoint of clinical utility, fetal liver MSC also exhibit reduced 
immunogenicity compared to adult BM-MSC, perhaps due to expression of higher levels of 
HLA-G1 [97]. In addition to reduced immunogenicity, fetal liver MSC also demonstrated an 
enhanced immunomodulatory function than BM-MSC when tested for their ability to inhibit 
T cell proliferation [98]. Despite all the promising characteristics of these cells, very few 
studies have examined their utility/potential in vivo. In one of these studies, rabbit fetal liver 
MSC were tested for their engraftment, proliferation and differentiation capabilities 
following in utero transplantation. Two routes of administration were analyzed, intrahepatic 
and intra-amniotic. Both approaches were safe for both the mother and the fetal recipient, 
but only the intrahepatic route resulted in the formation of donor-derived hepatocytes in the 
liver. While the levels of hepatocyte production were low, the engraftment persisted for at 
least 16 weeks after transplantation [99].  

Despite their many unique characteristics and promise of offering MSC primed for repair of 
specific tissues, the inherent difficulty in obtaining organ-specific MSC such as those 
derived from liver, will likely preclude their widespread use in a clinical setting. Ideally, for 
cellular therapies, one would like a readily available source of cells that could be used as off-
the-shelf therapeutics. MSC are present in significant numbers in discardable tissues such as 
cord blood, placenta and amniotic fluid, and these MSC have the ability to be expanded and 
frozen without loss of viability or differentiative potential, making MSC from these tissues 
an attractive option. Indeed, both AF-MSC [100] and CB-MSC [101] were shown, upon 
transplantation in vivo, to give rise to hepatocytes, suggesting they have definite potential as 
cellular therapeutic for treating liver diseases. Having considered these two very different 
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MSC examples, a summary of the properties of the main sources of MSC that are currently 
being tested for therapeutic purposes appears in Table I, to provide a better overall picture 
of the similarities and differences inherent to MSC isolated from various tissues. 

 
Table 1. 
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2.3 Mesenchymal stem cells for treating liver disease 

2.3.1 In vitro models to study Mesenchymal stem cell differentiation 

One could convincingly argue that the best way to study the differentiation potential of 
MSC is to perform studies in vitro, as studies of this nature allow for creation of a carefully 
controlled microenvironment which greatly facilitates the delineation of the 
pathways/mechanisms by which MSC commit to specific lineages and undergo 
reprogramming. In contrast to in vivo studies, where the researcher has little or no control 
over the myriad local and systemic cues and factors present within the recipient, performing 
in vitro studies enables the researcher to definitively establish the true multipotential 
capability of MSC at the single cell level, or at the level of a clonally-derived population. 
Indeed, in vitro studies have now revealed that MSC are able to transdifferentiate into cells 
of the three germ layers, including neuronal and glial cells [102-105], cardiomyocytes [106-
110], endothelial cells [111-113], and insulin-producing beta cells [114, 115]. The discovery of 
this tremendous potential has prompted researchers to perform microarrays studies to 
understand the molecular mechanisms responsible for the commitment and differentiation 
of MSC along each of these lineages [116-118]. It is hoped that understanding these 
pathways will pave the way for the development of methods for efficiently driving MSC 
differentiation down specific lineage pathways to create the cell type required for therapy. 
These studies also provided vital information regarding key genes and signaling pathways 
that are directly involved in maintaining MSC in an undifferentiated state, helping to 
characterize this cell population and providing clues as to methods for expanding these cells 
for longer periods of time while maintaining their multipotency.  

While these findings were exciting and highlighted the vast potential of MSC for cellular 
therapy, the most important ability, from the standpoint of therapies for the liver, would be 
the ability to differentiate into hepatocytes. Accordingly, several protocols have now been 
developed for the in vitro differentiation of both murine and human BM-MSC into 
hepatocytes [1, 119-125]. These MSC-derived hepatocytes exhibit the same morphology and 
antigenic profile as native hepatocytes, and they appear to be functional, based upon uptake 
of low-density lipoprotein, urea production and storage of glycogen. These initial findings 
with BM-MSC have now been extended to include MSC derived from adipose tissue, 
amniotic fluid, CB, and Wharton’s Jelly, with adipose-derived MSC showing the greatest 
propensity to differentiate in vitro to putative functional hepatocytes. It was initially 
hypothesized that CB-MSC might harbor an innate capacity to differentiate into 
hepatocytes, since they constitutively express early as well as more mature hepatic markers 
and functions [126]. However, this initial assumption was not realized. After several studies, 
it became clear that CB-MSC differentiate only partially, displaying early and some mature 
hepatic markers/functions but lacking the expression of other proteins that are critical for 
liver development [123, 126]. While this discovery initially reduced the enthusiasm for the 
use of CB-MSC as therapeutics for liver disease, it is important to realize that the immature 
nature of the hepatocytes they form could still enable them to treat disorders such as 
metabolic liver disease, in which generation of fully functional mature hepatocytes is not 
required, as long as the transplanted cells produce adequate levels of the missing/defective 
enzyme for correction. This limited differentiation capacity does, however, likely preclude 
their use for treating conditions such as acute hepatic failure. 
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MSC is to perform studies in vitro, as studies of this nature allow for creation of a carefully 
controlled microenvironment which greatly facilitates the delineation of the 
pathways/mechanisms by which MSC commit to specific lineages and undergo 
reprogramming. In contrast to in vivo studies, where the researcher has little or no control 
over the myriad local and systemic cues and factors present within the recipient, performing 
in vitro studies enables the researcher to definitively establish the true multipotential 
capability of MSC at the single cell level, or at the level of a clonally-derived population. 
Indeed, in vitro studies have now revealed that MSC are able to transdifferentiate into cells 
of the three germ layers, including neuronal and glial cells [102-105], cardiomyocytes [106-
110], endothelial cells [111-113], and insulin-producing beta cells [114, 115]. The discovery of 
this tremendous potential has prompted researchers to perform microarrays studies to 
understand the molecular mechanisms responsible for the commitment and differentiation 
of MSC along each of these lineages [116-118]. It is hoped that understanding these 
pathways will pave the way for the development of methods for efficiently driving MSC 
differentiation down specific lineage pathways to create the cell type required for therapy. 
These studies also provided vital information regarding key genes and signaling pathways 
that are directly involved in maintaining MSC in an undifferentiated state, helping to 
characterize this cell population and providing clues as to methods for expanding these cells 
for longer periods of time while maintaining their multipotency.  

While these findings were exciting and highlighted the vast potential of MSC for cellular 
therapy, the most important ability, from the standpoint of therapies for the liver, would be 
the ability to differentiate into hepatocytes. Accordingly, several protocols have now been 
developed for the in vitro differentiation of both murine and human BM-MSC into 
hepatocytes [1, 119-125]. These MSC-derived hepatocytes exhibit the same morphology and 
antigenic profile as native hepatocytes, and they appear to be functional, based upon uptake 
of low-density lipoprotein, urea production and storage of glycogen. These initial findings 
with BM-MSC have now been extended to include MSC derived from adipose tissue, 
amniotic fluid, CB, and Wharton’s Jelly, with adipose-derived MSC showing the greatest 
propensity to differentiate in vitro to putative functional hepatocytes. It was initially 
hypothesized that CB-MSC might harbor an innate capacity to differentiate into 
hepatocytes, since they constitutively express early as well as more mature hepatic markers 
and functions [126]. However, this initial assumption was not realized. After several studies, 
it became clear that CB-MSC differentiate only partially, displaying early and some mature 
hepatic markers/functions but lacking the expression of other proteins that are critical for 
liver development [123, 126]. While this discovery initially reduced the enthusiasm for the 
use of CB-MSC as therapeutics for liver disease, it is important to realize that the immature 
nature of the hepatocytes they form could still enable them to treat disorders such as 
metabolic liver disease, in which generation of fully functional mature hepatocytes is not 
required, as long as the transplanted cells produce adequate levels of the missing/defective 
enzyme for correction. This limited differentiation capacity does, however, likely preclude 
their use for treating conditions such as acute hepatic failure. 
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Only a few groups have analyzed in vitro differentiation of hWJSCs. Zhang et al applied a 
one-step protocol with HGF and FGF-4 and found that, after 21 days, cells expressed 
hepatocyte markers such as Albumin, AFP, and CK-18 [127]. In other studies, Lin et al. 
induced differentiation of the cells by co-culturing them with mice liver tissue previously 
treated with thioacetamide, a chemical used to induce chronic fibrosis of the liver. Two days 
after induction, hWJSCs expressed hepatic markers, providing evidence that, with the 
appropriate stimuli, hWJSCs can very rapidly reprogram to adopt a hepatocytic fate. AF-MSC 
were also tested for their ability to differentiate in vitro into hepatocytes. The differentiation 
process employed by these investigators consisted of two steps: first, the MSC were treated for 
1 week with EGF and FGF to commence induction along the hepatic lineage; and second, a 
maturation step, during which the cells were treated with dexamethasone and oncostatin-M 
for 2 weeks. The MSC-derived cells obtained at the end of this 2-stage induction protocol 
expressed several hepatic markers/functions, including albumin production, uptake of low 
density lipoproteins, glycogen storage, and urea production, promoting the investigators to 
cautiously refer to them as hepatocyte-like cells [100, 128, 129].  

Collectively, the results of these in vitro studies provide compelling evidence that MSC 
derived from a variety of sources all possess the ability to give rise to what appear to be 
functional hepatocytes, albeit at varying levels. This suggests that MSC could represent 
viable cellular therapeutics for treating liver disease, and thus provide a much-needed 
alternative to whole or partial liver transplantation.  

2.3.2 In vivo models to study Mesenchymal stem cell differentiation 

Despite all the knowledge that can be gained from performing in vitro studies, they are 
inherently limited by the need to supply all of the requisite factors to observe the desired 
differentiation or reprogramming. This becomes problematic when one wishes to 
discover/investigate novel properties of MSC, since, in most cases, these factors are not yet 
known. Adding to this problem is the lack of suitable assays to rigorously establish that the 
“hepatocyte-like cells” generated in vitro are, in fact, bona fide hepatocytes that perform all 
of their required physiologic functions. For this reason, scientists are forced to resort to in 
vivo transplantation studies in the hopes that the required mediators/factors conditions are 
present within the microenvironment of the target organ, and can coax the transplanted 
MSC to reprogram towards the desired cellular fate. Performing studies in vivo also has the 
advantage of ensuring that all of the appropriate cues are present to influence migration and 
homing of MSC to the tissue/organ in question; an essential issue to consider if the ultimate 
goal is to develop therapies using MSC. Transplantation in vivo also provides the 
opportunity to examine the ability of the MSC-derived cells to seamlessly integrate into the 
existing cytoarchitecture and adopt appropriate behavioral characteristics. Ideally, studies of 
this nature would be performed with human MSC and their derivatives, to ensure the 
clinical translation of the results obtained. Due to ethical and practical issues, however, 
studies of this nature can clearly not be performed in human subjects. Thus, at the present 
time, investigators can only test the ability of human stem cells to engraft/differentiate 
within a xenogeneic setting, using suitable small or large animals as recipients. 

2.3.2.1 Mesenchymal stem cells differentiate in vivo into hepatocytes 

The exciting in vitro findings discussed above suggested that MSC could serve as cells for 
repairing the injured or failing liver. Importantly, MSC can be grown quite readily in culture 
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for extended periods of time without any seeming loss of differentiation capacity. This has 
two important implications for their use in cellular-based liver therapies. The first of these is 
that a very small marrow aspirate could be taken from the patient and adequate cells 
obtained for transplantation, through extensive expansion in vitro following isolation. 
Secondly, by virtue of their ability to be expanded in culture without loss of in vivo potential, 
MSC could be harvested from the patient’s own marrow even if the liver disease present 
was the result of an underlying genetic defect, since MSC are quite amenable to genetic 
modification/correction using a wide range of viral and non-viral vector systems. Following 
genetic manipulation, a pure population of genetically corrected autologous MSC could 
thus be propagated to generate sufficient numbers of cells to achieve meaningful levels of 
engraftment following transplantation. Based on these promising characteristics, MSC have 
now been tested in a wide variety of injury/disease model systems for their ability to 
generate hepatocytes and correct these liver defects. Using MSC isolated from a variety of 
mouse, rat, and human tissues, investigators have now provided evidence that MSC can 
mediate varying degrees of correction/repair of the liver following injury due to partial 
hepatectomy [126, 130-133], treatment with the toxin CCl4 [134-145], injury induced by allyl-
alcohol [146, 147], and treatment with 2-acetylaminofluorene [139].  

Unfortunately, these studies are confounded by the problem of each group of investigators 
using MSC defined in different ways, ranging from specific antigen profile to simple plastic 
adherence. The use of differing definitions for “MSC” can likely explain, at least in part, the 
differing outcomes, even when using a similar injury model system. One thing that is quite 
clear from these studies looked at as a whole, however, is that MSC appear to be able to 
exert beneficial effects in a wide range of injuries and disease states within the liver. Another 
issue that needs clarification is whether fusion plays a major role in the beneficial effects, 
since the fusion of donor MSC with host hepatocytes has not yet been addressed in detail in 
any of these injury/disease models.  

Another issue that has complicated interpretation of the data generated from these studies 
in liver, as well as those conducted looking at the potential of MSC to mediate repair in 
other organ systems, is the observation that a therapeutic benefit is often observed in the 
absence of any evidence of engraftment of the transplanted MSC within the damaged organ. 
Instead, it appears that the transplantation of MSC somehow stimulates the host’s liver to 
repair itself without the donor cells actually having to persist long-term within the recipient. 
These findings led to a great deal of debate as to whether MSC can actually generate 
hepatocytes or if, perhaps, all the effects they produce are simply mediated through release 
of soluble factors. Meticulously executed in vitro studies have now provided definitive 
evidence that MSC can under appropriate conditions be reprogrammed into cells with all of 
the characteristics of functional hepatocytes that can currently be assessed in culture [37, 
135, 148-151]. Thus, it is now presumed that if these hepatocyte induction protocols work 
well in cultured MSC, in vivo organ-specific microenvironment of the recipient liver is likely 
to be even better suited for inducing the transplanted MSC to differentiate into hepatocytes. 
Therefore, it seems safe to presume that the beneficial effects of MSC thus far observed in 
animal injury models have been mediated, at least in part, by MSC differentiating to 
hepatocytes. 

However, the other capabilities of MSC cannot be ignored and may be equally important in 
the observed therapeutic effects. A variety of evidence from animal studies has now 
indicated that both MSC’s direct differentiation and their indirect effects through secretion 
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Only a few groups have analyzed in vitro differentiation of hWJSCs. Zhang et al applied a 
one-step protocol with HGF and FGF-4 and found that, after 21 days, cells expressed 
hepatocyte markers such as Albumin, AFP, and CK-18 [127]. In other studies, Lin et al. 
induced differentiation of the cells by co-culturing them with mice liver tissue previously 
treated with thioacetamide, a chemical used to induce chronic fibrosis of the liver. Two days 
after induction, hWJSCs expressed hepatic markers, providing evidence that, with the 
appropriate stimuli, hWJSCs can very rapidly reprogram to adopt a hepatocytic fate. AF-MSC 
were also tested for their ability to differentiate in vitro into hepatocytes. The differentiation 
process employed by these investigators consisted of two steps: first, the MSC were treated for 
1 week with EGF and FGF to commence induction along the hepatic lineage; and second, a 
maturation step, during which the cells were treated with dexamethasone and oncostatin-M 
for 2 weeks. The MSC-derived cells obtained at the end of this 2-stage induction protocol 
expressed several hepatic markers/functions, including albumin production, uptake of low 
density lipoproteins, glycogen storage, and urea production, promoting the investigators to 
cautiously refer to them as hepatocyte-like cells [100, 128, 129].  

Collectively, the results of these in vitro studies provide compelling evidence that MSC 
derived from a variety of sources all possess the ability to give rise to what appear to be 
functional hepatocytes, albeit at varying levels. This suggests that MSC could represent 
viable cellular therapeutics for treating liver disease, and thus provide a much-needed 
alternative to whole or partial liver transplantation.  

2.3.2 In vivo models to study Mesenchymal stem cell differentiation 

Despite all the knowledge that can be gained from performing in vitro studies, they are 
inherently limited by the need to supply all of the requisite factors to observe the desired 
differentiation or reprogramming. This becomes problematic when one wishes to 
discover/investigate novel properties of MSC, since, in most cases, these factors are not yet 
known. Adding to this problem is the lack of suitable assays to rigorously establish that the 
“hepatocyte-like cells” generated in vitro are, in fact, bona fide hepatocytes that perform all 
of their required physiologic functions. For this reason, scientists are forced to resort to in 
vivo transplantation studies in the hopes that the required mediators/factors conditions are 
present within the microenvironment of the target organ, and can coax the transplanted 
MSC to reprogram towards the desired cellular fate. Performing studies in vivo also has the 
advantage of ensuring that all of the appropriate cues are present to influence migration and 
homing of MSC to the tissue/organ in question; an essential issue to consider if the ultimate 
goal is to develop therapies using MSC. Transplantation in vivo also provides the 
opportunity to examine the ability of the MSC-derived cells to seamlessly integrate into the 
existing cytoarchitecture and adopt appropriate behavioral characteristics. Ideally, studies of 
this nature would be performed with human MSC and their derivatives, to ensure the 
clinical translation of the results obtained. Due to ethical and practical issues, however, 
studies of this nature can clearly not be performed in human subjects. Thus, at the present 
time, investigators can only test the ability of human stem cells to engraft/differentiate 
within a xenogeneic setting, using suitable small or large animals as recipients. 

2.3.2.1 Mesenchymal stem cells differentiate in vivo into hepatocytes 

The exciting in vitro findings discussed above suggested that MSC could serve as cells for 
repairing the injured or failing liver. Importantly, MSC can be grown quite readily in culture 
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for extended periods of time without any seeming loss of differentiation capacity. This has 
two important implications for their use in cellular-based liver therapies. The first of these is 
that a very small marrow aspirate could be taken from the patient and adequate cells 
obtained for transplantation, through extensive expansion in vitro following isolation. 
Secondly, by virtue of their ability to be expanded in culture without loss of in vivo potential, 
MSC could be harvested from the patient’s own marrow even if the liver disease present 
was the result of an underlying genetic defect, since MSC are quite amenable to genetic 
modification/correction using a wide range of viral and non-viral vector systems. Following 
genetic manipulation, a pure population of genetically corrected autologous MSC could 
thus be propagated to generate sufficient numbers of cells to achieve meaningful levels of 
engraftment following transplantation. Based on these promising characteristics, MSC have 
now been tested in a wide variety of injury/disease model systems for their ability to 
generate hepatocytes and correct these liver defects. Using MSC isolated from a variety of 
mouse, rat, and human tissues, investigators have now provided evidence that MSC can 
mediate varying degrees of correction/repair of the liver following injury due to partial 
hepatectomy [126, 130-133], treatment with the toxin CCl4 [134-145], injury induced by allyl-
alcohol [146, 147], and treatment with 2-acetylaminofluorene [139].  

Unfortunately, these studies are confounded by the problem of each group of investigators 
using MSC defined in different ways, ranging from specific antigen profile to simple plastic 
adherence. The use of differing definitions for “MSC” can likely explain, at least in part, the 
differing outcomes, even when using a similar injury model system. One thing that is quite 
clear from these studies looked at as a whole, however, is that MSC appear to be able to 
exert beneficial effects in a wide range of injuries and disease states within the liver. Another 
issue that needs clarification is whether fusion plays a major role in the beneficial effects, 
since the fusion of donor MSC with host hepatocytes has not yet been addressed in detail in 
any of these injury/disease models.  

Another issue that has complicated interpretation of the data generated from these studies 
in liver, as well as those conducted looking at the potential of MSC to mediate repair in 
other organ systems, is the observation that a therapeutic benefit is often observed in the 
absence of any evidence of engraftment of the transplanted MSC within the damaged organ. 
Instead, it appears that the transplantation of MSC somehow stimulates the host’s liver to 
repair itself without the donor cells actually having to persist long-term within the recipient. 
These findings led to a great deal of debate as to whether MSC can actually generate 
hepatocytes or if, perhaps, all the effects they produce are simply mediated through release 
of soluble factors. Meticulously executed in vitro studies have now provided definitive 
evidence that MSC can under appropriate conditions be reprogrammed into cells with all of 
the characteristics of functional hepatocytes that can currently be assessed in culture [37, 
135, 148-151]. Thus, it is now presumed that if these hepatocyte induction protocols work 
well in cultured MSC, in vivo organ-specific microenvironment of the recipient liver is likely 
to be even better suited for inducing the transplanted MSC to differentiate into hepatocytes. 
Therefore, it seems safe to presume that the beneficial effects of MSC thus far observed in 
animal injury models have been mediated, at least in part, by MSC differentiating to 
hepatocytes. 

However, the other capabilities of MSC cannot be ignored and may be equally important in 
the observed therapeutic effects. A variety of evidence from animal studies has now 
indicated that both MSC’s direct differentiation and their indirect effects through secretion 
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of factors which stimulate the regeneration of endogenous cells are likely to play important 
roles in promoting tissue recovery [79, 152-156]. In support of this conclusion, MSC were 
shown to provide significant therapeutic benefit during acute hepatic failure by releasing 
chemotactic cytokines that reduce leukocyte infiltrates and hepatocytes death and increase 
hepatocyte proliferation [156, 157]. For example, recent studies by Tsai et al. showed that the 
direct injection of MSC into rats with CCl4-induced liver fibrosis resulted in a significant 
reduction in the liver fibrosis. However, although MSC engrafted, they did not differentiate 
into albumin- producing cells, but secreted cytokines that promoted liver regeneration and 
thereby restored liver function [144]. 

In addition, other studies have now revealed an additional property of MSC that may 
indicate that they are ideally suited for treatment of liver diseases involving fibrosis: the 
ability to enhance fibrous matrix degradation, likely through the induction of 
metalloproteinases [136, 158-164]. Moreover, other researchers have found that MSC are able 
to prevent liver fibrosis by suppressing the function of activated hepatic stellate cells, 
inducing their apoptotic death and diminishing collagen synthesis [155]. Studies like those 
by Lin et al. have shown that MSC may utilize multiple mechanisms to exert their effects, 
both engrafting and differentiating into albumin-producing cells, and producing 
metalloproteinases that significantly reduced the collagen deposits in a rat model of chronic 
liver fibrosis [165]. However, these promising results must be interpreted carefully and with 
tempered enthusiasm, because other studies have suggested that under different conditions, 
transplanted MSC may actually contribute to the myofibroblast pool and thus enhance the 
fibrotic process within the liver [159, 166-169]. This has led to the current feeling within the 
field that the effect of MSC will probably vary with the nature of the liver injury/disease 
that is being treated, the specific experimental model in which the therapy is being tested, 
and perhaps even the time frame of MSC application, such that MSC could be beneficial if 
administered at certain stages of disease progression and harmful if administered at other 
stages. Thus, it appears that the therapeutic potential of MSC may have to be investigated 
for each specific disease/injury to be treated to delineate the optimal time frame and 
population to be administered to achieve the desired effect, ensuring they provide benefit 
rather than harm. 

2.3.2.2 The fetal sheep model 

All of the afore-mentioned studies exploring the therapeutic properties of MSC in model 
systems generated by inducing an external stress, such as chemical- or radiation-induced 
injury or by depleting a specific cell type in the recipient, e.g., partial hepatectomy, have 
provided compelling evidence that MSC represent valuable cellular therapeutics for liver 
disease. However, they have also revealed that whether MSC will exert their beneficial or 
harmful effects is dictated largely by the presence of activated cells and the 
microenvironment within the injured or diseased organ at the time of transplantation. What 
is clear is that the microenvironmental conditions that surround MSC play a crucial role in 
determining the fate adopted by MSC in vitro and in vivo. The cloning of Dolly the sheep 
certainly represents the most dramatic example of the power that the microenvironment can 
exert on cell fate [170]. The microenvironment, in this case the cytoplasm of an enucleated 
egg, induced the nucleus taken from an adult somatic cell to completely reset its 
developmental gene expression clock and reveal its true potential. To fully exploit the vast 
therapeutic potential of MSC, a deep understanding of the mechanisms that control the cell 
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fate and their efficient application to drive differentiation towards the hepatocytic lineage 
are urgently needed; such understanding will require an adequate model system. 

The ideal experimental model would allow transplantation of human MSC, which could 
then engraft and differentiate/reprogram under normal physiological conditions, in the 
absence of injury/insult. Additionally, such a model should allow the generation of a broad 
spectrum of differentiation states of the donor-derived cells in the desired tissue at adequate 
levels to enable delineation of the mechanisms that participated in their generation. 
Irrespective of the source of donor cells and mechanisms involved in reprogramming, 
however, the first key step for proper function is for the cells to reach the target organ. The 
circulatory system provides an efficient stem cell distribution system throughout life. 
During fetal life, a series of well-established migratory processes, likely employing the 
circulatory system, ensure that adequate numbers of appropriate stem/progenitor cells 
reach the target tissues/organs when needed. This carefully regulated migration is 
accomplished by the dynamic expression of an array of adhesion molecules and release, by 
the tissue, of specific chemokines/chemoattractants that alert the circulating stem cells when 
and where they are most needed. Once the stem cell reaches the target tissue, the permissive 
milieu induces the entering stem cells to proliferate and differentiate to produce the 
required type(s) of cells. The existence of this highly permissive milieu is very likely 
associated with the continuous need for new cells during fetal development.  

With these permissive aspects of the developing early gestational-age fetus in mind, we 
reasoned that it might represent a perfect platform in which to study the properties of 
human MSC. The transplanted MSC could piggy-back on the naturally occurring migratory 
pathways, and thus be efficiently disseminated throughout the fetus to the various 
developing tissues. Once there, they would then be naturally influenced by the host 
proliferation/differentiation environment to adopt a specific cellular fate, assuming that the 
transplanted cells harbor the potential in question. By performing the transplant at a point 
in development when all the organs had begun to differentiate but there was still a need for 
exponential growth and differentiation, we hypothesized that the fetal milieu would 
support the possibility of reprogramming of cellular fate through a bombardment of 
proliferation/differentiation stimuli without forcing the transplanted cells to adopt a 
specific fate by damaging/inducing regeneration within a particular organ. If the 
supposition that the appropriate microenvironmental influence can induce a cell with a 
mature phenotype to regress into an undifferentiated state, directly reprogram a cell to an 
alternate fate, and/or induce a primitive stem cell to start differentiating into a new lineage, 
then the fetus should represent an ideal model system in which to examine the full potential 
of MSC, and other adult stem cells.  

In addition to providing a unique signaling environment that can drive migration and 
differentiation of the transplanted MSC, the fetus also represents a unique recipient from an 
immunological perspective. In contrast to other model systems routinely used to study stem 
cell transplantation and the therapeutic potential of MSC, the fetal sheep recipient has an 
immature, but functioning immune system. In early immunologic development, before 
thymic processing of mature lymphocytes, the fetus appears to be largely tolerant of foreign 
antigens [171, 172]. Therefore, if the transplant is performed at the appropriate stage of 
development, the fetus is able to support the engraftment/differentiation of MSC (and other 
adult stem cells) in the absence of irradiation or other myeloablative therapies. Furthermore, 
exposure to foreign antigens during this period often results in sustained tolerance, which 
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of factors which stimulate the regeneration of endogenous cells are likely to play important 
roles in promoting tissue recovery [79, 152-156]. In support of this conclusion, MSC were 
shown to provide significant therapeutic benefit during acute hepatic failure by releasing 
chemotactic cytokines that reduce leukocyte infiltrates and hepatocytes death and increase 
hepatocyte proliferation [156, 157]. For example, recent studies by Tsai et al. showed that the 
direct injection of MSC into rats with CCl4-induced liver fibrosis resulted in a significant 
reduction in the liver fibrosis. However, although MSC engrafted, they did not differentiate 
into albumin- producing cells, but secreted cytokines that promoted liver regeneration and 
thereby restored liver function [144]. 

In addition, other studies have now revealed an additional property of MSC that may 
indicate that they are ideally suited for treatment of liver diseases involving fibrosis: the 
ability to enhance fibrous matrix degradation, likely through the induction of 
metalloproteinases [136, 158-164]. Moreover, other researchers have found that MSC are able 
to prevent liver fibrosis by suppressing the function of activated hepatic stellate cells, 
inducing their apoptotic death and diminishing collagen synthesis [155]. Studies like those 
by Lin et al. have shown that MSC may utilize multiple mechanisms to exert their effects, 
both engrafting and differentiating into albumin-producing cells, and producing 
metalloproteinases that significantly reduced the collagen deposits in a rat model of chronic 
liver fibrosis [165]. However, these promising results must be interpreted carefully and with 
tempered enthusiasm, because other studies have suggested that under different conditions, 
transplanted MSC may actually contribute to the myofibroblast pool and thus enhance the 
fibrotic process within the liver [159, 166-169]. This has led to the current feeling within the 
field that the effect of MSC will probably vary with the nature of the liver injury/disease 
that is being treated, the specific experimental model in which the therapy is being tested, 
and perhaps even the time frame of MSC application, such that MSC could be beneficial if 
administered at certain stages of disease progression and harmful if administered at other 
stages. Thus, it appears that the therapeutic potential of MSC may have to be investigated 
for each specific disease/injury to be treated to delineate the optimal time frame and 
population to be administered to achieve the desired effect, ensuring they provide benefit 
rather than harm. 

2.3.2.2 The fetal sheep model 

All of the afore-mentioned studies exploring the therapeutic properties of MSC in model 
systems generated by inducing an external stress, such as chemical- or radiation-induced 
injury or by depleting a specific cell type in the recipient, e.g., partial hepatectomy, have 
provided compelling evidence that MSC represent valuable cellular therapeutics for liver 
disease. However, they have also revealed that whether MSC will exert their beneficial or 
harmful effects is dictated largely by the presence of activated cells and the 
microenvironment within the injured or diseased organ at the time of transplantation. What 
is clear is that the microenvironmental conditions that surround MSC play a crucial role in 
determining the fate adopted by MSC in vitro and in vivo. The cloning of Dolly the sheep 
certainly represents the most dramatic example of the power that the microenvironment can 
exert on cell fate [170]. The microenvironment, in this case the cytoplasm of an enucleated 
egg, induced the nucleus taken from an adult somatic cell to completely reset its 
developmental gene expression clock and reveal its true potential. To fully exploit the vast 
therapeutic potential of MSC, a deep understanding of the mechanisms that control the cell 
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fate and their efficient application to drive differentiation towards the hepatocytic lineage 
are urgently needed; such understanding will require an adequate model system. 

The ideal experimental model would allow transplantation of human MSC, which could 
then engraft and differentiate/reprogram under normal physiological conditions, in the 
absence of injury/insult. Additionally, such a model should allow the generation of a broad 
spectrum of differentiation states of the donor-derived cells in the desired tissue at adequate 
levels to enable delineation of the mechanisms that participated in their generation. 
Irrespective of the source of donor cells and mechanisms involved in reprogramming, 
however, the first key step for proper function is for the cells to reach the target organ. The 
circulatory system provides an efficient stem cell distribution system throughout life. 
During fetal life, a series of well-established migratory processes, likely employing the 
circulatory system, ensure that adequate numbers of appropriate stem/progenitor cells 
reach the target tissues/organs when needed. This carefully regulated migration is 
accomplished by the dynamic expression of an array of adhesion molecules and release, by 
the tissue, of specific chemokines/chemoattractants that alert the circulating stem cells when 
and where they are most needed. Once the stem cell reaches the target tissue, the permissive 
milieu induces the entering stem cells to proliferate and differentiate to produce the 
required type(s) of cells. The existence of this highly permissive milieu is very likely 
associated with the continuous need for new cells during fetal development.  

With these permissive aspects of the developing early gestational-age fetus in mind, we 
reasoned that it might represent a perfect platform in which to study the properties of 
human MSC. The transplanted MSC could piggy-back on the naturally occurring migratory 
pathways, and thus be efficiently disseminated throughout the fetus to the various 
developing tissues. Once there, they would then be naturally influenced by the host 
proliferation/differentiation environment to adopt a specific cellular fate, assuming that the 
transplanted cells harbor the potential in question. By performing the transplant at a point 
in development when all the organs had begun to differentiate but there was still a need for 
exponential growth and differentiation, we hypothesized that the fetal milieu would 
support the possibility of reprogramming of cellular fate through a bombardment of 
proliferation/differentiation stimuli without forcing the transplanted cells to adopt a 
specific fate by damaging/inducing regeneration within a particular organ. If the 
supposition that the appropriate microenvironmental influence can induce a cell with a 
mature phenotype to regress into an undifferentiated state, directly reprogram a cell to an 
alternate fate, and/or induce a primitive stem cell to start differentiating into a new lineage, 
then the fetus should represent an ideal model system in which to examine the full potential 
of MSC, and other adult stem cells.  

In addition to providing a unique signaling environment that can drive migration and 
differentiation of the transplanted MSC, the fetus also represents a unique recipient from an 
immunological perspective. In contrast to other model systems routinely used to study stem 
cell transplantation and the therapeutic potential of MSC, the fetal sheep recipient has an 
immature, but functioning immune system. In early immunologic development, before 
thymic processing of mature lymphocytes, the fetus appears to be largely tolerant of foreign 
antigens [171, 172]. Therefore, if the transplant is performed at the appropriate stage of 
development, the fetus is able to support the engraftment/differentiation of MSC (and other 
adult stem cells) in the absence of irradiation or other myeloablative therapies. Furthermore, 
exposure to foreign antigens during this period often results in sustained tolerance, which 
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can become permanent if the presence of antigen is maintained [100, 173]. By taking 
advantage of this so-called “window of opportunity” and performing the transplant during 
the “pre-immune” stage of development, it is possible to reach significant levels of 
allogeneic sheep cells and xenogeneic human cells within the fetal sheep, in the absence of 
irradiation or other myeloablative therapies [174-180], to create a lifelong chimera [181], and 
induce stable, donor-specific immune tolerance.  

In addition to the unique characteristics of the fetus itself as a recipient, there are several 
additional advantages of selecting sheep as an animal model: 1) sheep are fairly close in size 
to humans during development and throughout life, which should greatly facilitate, or even 
eliminate the need for, scale-up of the protocol for clinical human therapies once promising 
results have been obtained in the fetal sheep model, 2) the physiology and developmental 
processes are similar and therefore, sheep have been for decades the model to study normal 
fetal growth and fetal abnormalities [182-185], 3) in contrast to mice and rats, sheep are 
outbred, and thus present a diverse genetic background, just like humans, 4) the 
development of sheep immune system has been extensively studied and it closely parallels 
that of humans [186-194], 5) the long lifespan and large size allows the study of cellular fate 
in the same animal for several years after transplantation, which provides critical answers 
about long-term efficacy and safety of the therapy in question. Collectively, these properties 
make the fetal sheep an ideal model in which to test the therapeutic potential of MSC and 
obtain results that could readily be translated into clinical studies. 

2.3.2.2.1 Results obtained in fetal sheep model 

In order to investigate the in vivo differentiation potential of human MSC in the absence of 
injury/selective pressure, we isolated several clonal MSC populations from adult BM by 
magnetic sorting, using an antibody against Stro-I [195]. Although the antigen recognized 
by this antibody has not yet been identified, we found that by triple-labeling BM cells with 
antibodies against Stro-I, CD45 and GlyA and selecting for Stro-1+CD45-GlyA- cells, we can 
reliably obtain a homogenous population that is highly enriched, both phenotypically and 
functionally, for MSC. This selected population has therefore been used for all of our studies 
to examine human MSC differentiative potential.  

To rigorously test whether MSC could generate significant numbers of hepatocytes in vivo, 
we examined the ability of clonally-derived human MSC from adult BM to generate 
functional albumin-producing hepatocytes in vivo following transplantation into fetal sheep 
recipients, comparing two routes of administration, intraperitoneal (IP) and intrahepatic 
(IH) [40]. Human hepatocytes formed after transplantation of BM-MSC into fetal sheep were 
then identified by HEP-1 staining, coupled with human-specific fluorescence in situ 
hybridization. Our results showed that, although MSC efficiently generated significant 
numbers of hepatocytes by both routes of administration, the IH injection resulted in a 5-
fold increase in the number of hepatocytes generated, when compared to the IP route (12.5% 
± 3.5% versus 2.6% ± 0.4%) [196]. In addition to higher levels of hepatocytes, the route of cell 
administration also exerted a marked effect on the pattern of distribution of the generated 
hepatocytes. Sheep that received an IP injection exhibited a preferential periportal 
distribution (in acinar zone 1) of donor-derived hepatocytes that produced high levels of 
albumin [40], while IH-transplanted animals contained donor-derived (human) hepatocytes 
dispersed throughout the parenchyma (acinar zone 2) that expressed minimal amounts of 
albumin. Previous results have demonstrated that localization of the hepatocyte within the 
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liver is strictly associated with the levels of synthesis of certain plasma proteins, such as 
albumin. Hepatocytes localized in the periportal area of the liver produce higher levels of 
albumin, compared to hepatocytes situated in other lobular zones [197-199]. These studies 
thus provided compelling evidence that MSC represent a valuable source of cells for liver 
repair and regeneration and demonstrate that, by altering the site of injection, generation of 
hepatocytes occurs in different hepatic zones, and the resultant hepatocytes exhibit differing 
functionality, just like their naturally-occurring counterparts. These results are highly 
relevant for designing a potential cellular therapy for liver regeneration, as depending on 
whether the overall goal of the therapy is to provide hepatocytes to restore the liver 
architecture or to achieve normal levels of a secreted therapeutic protein into the circulation, 
different routes of injection would likely be needed. However, if one wishes to achieve 
functional repopulation of the liver, it is possible that a transplantation approach combining 
both routes of administration would be the most effective. 

In other studies, we evaluated the ability of MSC derived from the fetal kidney to form 
hepatic cells in vivo and in vitro [200]. Like their BM counterparts, these cells gave rise to 
significant numbers of human albumin-producing hepatocyte-like cells upon in utero 
transplantation into fetal sheep. Furthermore, after culture in specific inducing media, cells 
with hepatocyte-like morphology and phenotype were obtained, suggesting that 
metanephric-derived MSC could also serve as a source of cells with hepatic repopulating 
ability. Similar results were also obtained in the fetal sheep model, using a novel, adherent 
MSC-like cell population isolated from umbilical cord blood, which the authors termed 
unrestricted somatic stem cells, or “USSC” [201]. This cord blood-derived MSC population 
was capable of giving rise to albumin-producing human parenchymal hepatic cells at levels 
of >20% in the recipient liver, in the absence of any injury or genetic defect. Importantly, cell 
fusion was not required for hepatocyte formation in any of these studies, demonstrating 
that, at least in this model, human MSC isolated from several different sources all had the 
ability to directly reprogram to functional hepatocytes. 

Another key aspect to assessing the utility of stem cell therapy for regenerative medicine for 
the liver, and for other organs as well, is the mechanism whereby the transplanted cells 
replace/repopulate the recipient liver [40]. Indeed, there has been a great deal of 
controversy about the mechanism by which MSC reprogram and differentiate into other cell 
lineages, such as hepatocytes. Several researchers have shown that cell fusion could be one 
of the mechanisms by which MSC appear to give rise to hepatocytes, rather than true 
reprogramming/transdifferentiation [202]. Furthermore, evidence suggests that the means 
by which the transplanted MSC contribute to the recipient liver is strictly dependent on the 
model system employed. For example, an animal model in which proliferation of 
endogenous hepatocytes has been arrested, such as those using chemical-induced injury, 
will require replication of the transplanted cells and therefore, favoring transdifferentiation 
of the transplanted MSC. On the other hand, in an animal model that promotes proliferation 
of endogenous and MSC-derived hepatocytes, both mechanisms are possible, but fusion 
seems to be favored.  

Using the fetal sheep model made it possible for us to show that MSC could give rise 
directly to cells within the liver without the need for first forming hematopoietic elements 
[41]. In more recent studies, we have now shown that the ability to directly contribute to 
liver repopulation without the need for a hematopoietic intermediate enables the 
transplanted MSC to rapidly begin contributing to the growing liver, producing cells with 
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can become permanent if the presence of antigen is maintained [100, 173]. By taking 
advantage of this so-called “window of opportunity” and performing the transplant during 
the “pre-immune” stage of development, it is possible to reach significant levels of 
allogeneic sheep cells and xenogeneic human cells within the fetal sheep, in the absence of 
irradiation or other myeloablative therapies [174-180], to create a lifelong chimera [181], and 
induce stable, donor-specific immune tolerance.  

In addition to the unique characteristics of the fetus itself as a recipient, there are several 
additional advantages of selecting sheep as an animal model: 1) sheep are fairly close in size 
to humans during development and throughout life, which should greatly facilitate, or even 
eliminate the need for, scale-up of the protocol for clinical human therapies once promising 
results have been obtained in the fetal sheep model, 2) the physiology and developmental 
processes are similar and therefore, sheep have been for decades the model to study normal 
fetal growth and fetal abnormalities [182-185], 3) in contrast to mice and rats, sheep are 
outbred, and thus present a diverse genetic background, just like humans, 4) the 
development of sheep immune system has been extensively studied and it closely parallels 
that of humans [186-194], 5) the long lifespan and large size allows the study of cellular fate 
in the same animal for several years after transplantation, which provides critical answers 
about long-term efficacy and safety of the therapy in question. Collectively, these properties 
make the fetal sheep an ideal model in which to test the therapeutic potential of MSC and 
obtain results that could readily be translated into clinical studies. 

2.3.2.2.1 Results obtained in fetal sheep model 

In order to investigate the in vivo differentiation potential of human MSC in the absence of 
injury/selective pressure, we isolated several clonal MSC populations from adult BM by 
magnetic sorting, using an antibody against Stro-I [195]. Although the antigen recognized 
by this antibody has not yet been identified, we found that by triple-labeling BM cells with 
antibodies against Stro-I, CD45 and GlyA and selecting for Stro-1+CD45-GlyA- cells, we can 
reliably obtain a homogenous population that is highly enriched, both phenotypically and 
functionally, for MSC. This selected population has therefore been used for all of our studies 
to examine human MSC differentiative potential.  

To rigorously test whether MSC could generate significant numbers of hepatocytes in vivo, 
we examined the ability of clonally-derived human MSC from adult BM to generate 
functional albumin-producing hepatocytes in vivo following transplantation into fetal sheep 
recipients, comparing two routes of administration, intraperitoneal (IP) and intrahepatic 
(IH) [40]. Human hepatocytes formed after transplantation of BM-MSC into fetal sheep were 
then identified by HEP-1 staining, coupled with human-specific fluorescence in situ 
hybridization. Our results showed that, although MSC efficiently generated significant 
numbers of hepatocytes by both routes of administration, the IH injection resulted in a 5-
fold increase in the number of hepatocytes generated, when compared to the IP route (12.5% 
± 3.5% versus 2.6% ± 0.4%) [196]. In addition to higher levels of hepatocytes, the route of cell 
administration also exerted a marked effect on the pattern of distribution of the generated 
hepatocytes. Sheep that received an IP injection exhibited a preferential periportal 
distribution (in acinar zone 1) of donor-derived hepatocytes that produced high levels of 
albumin [40], while IH-transplanted animals contained donor-derived (human) hepatocytes 
dispersed throughout the parenchyma (acinar zone 2) that expressed minimal amounts of 
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liver is strictly associated with the levels of synthesis of certain plasma proteins, such as 
albumin. Hepatocytes localized in the periportal area of the liver produce higher levels of 
albumin, compared to hepatocytes situated in other lobular zones [197-199]. These studies 
thus provided compelling evidence that MSC represent a valuable source of cells for liver 
repair and regeneration and demonstrate that, by altering the site of injection, generation of 
hepatocytes occurs in different hepatic zones, and the resultant hepatocytes exhibit differing 
functionality, just like their naturally-occurring counterparts. These results are highly 
relevant for designing a potential cellular therapy for liver regeneration, as depending on 
whether the overall goal of the therapy is to provide hepatocytes to restore the liver 
architecture or to achieve normal levels of a secreted therapeutic protein into the circulation, 
different routes of injection would likely be needed. However, if one wishes to achieve 
functional repopulation of the liver, it is possible that a transplantation approach combining 
both routes of administration would be the most effective. 

In other studies, we evaluated the ability of MSC derived from the fetal kidney to form 
hepatic cells in vivo and in vitro [200]. Like their BM counterparts, these cells gave rise to 
significant numbers of human albumin-producing hepatocyte-like cells upon in utero 
transplantation into fetal sheep. Furthermore, after culture in specific inducing media, cells 
with hepatocyte-like morphology and phenotype were obtained, suggesting that 
metanephric-derived MSC could also serve as a source of cells with hepatic repopulating 
ability. Similar results were also obtained in the fetal sheep model, using a novel, adherent 
MSC-like cell population isolated from umbilical cord blood, which the authors termed 
unrestricted somatic stem cells, or “USSC” [201]. This cord blood-derived MSC population 
was capable of giving rise to albumin-producing human parenchymal hepatic cells at levels 
of >20% in the recipient liver, in the absence of any injury or genetic defect. Importantly, cell 
fusion was not required for hepatocyte formation in any of these studies, demonstrating 
that, at least in this model, human MSC isolated from several different sources all had the 
ability to directly reprogram to functional hepatocytes. 

Another key aspect to assessing the utility of stem cell therapy for regenerative medicine for 
the liver, and for other organs as well, is the mechanism whereby the transplanted cells 
replace/repopulate the recipient liver [40]. Indeed, there has been a great deal of 
controversy about the mechanism by which MSC reprogram and differentiate into other cell 
lineages, such as hepatocytes. Several researchers have shown that cell fusion could be one 
of the mechanisms by which MSC appear to give rise to hepatocytes, rather than true 
reprogramming/transdifferentiation [202]. Furthermore, evidence suggests that the means 
by which the transplanted MSC contribute to the recipient liver is strictly dependent on the 
model system employed. For example, an animal model in which proliferation of 
endogenous hepatocytes has been arrested, such as those using chemical-induced injury, 
will require replication of the transplanted cells and therefore, favoring transdifferentiation 
of the transplanted MSC. On the other hand, in an animal model that promotes proliferation 
of endogenous and MSC-derived hepatocytes, both mechanisms are possible, but fusion 
seems to be favored.  

Using the fetal sheep model made it possible for us to show that MSC could give rise 
directly to cells within the liver without the need for first forming hematopoietic elements 
[41]. In more recent studies, we have now shown that the ability to directly contribute to 
liver repopulation without the need for a hematopoietic intermediate enables the 
transplanted MSC to rapidly begin contributing to the growing liver, producing cells with 
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hepatic markers within as little as 24 or 48 hours post-transplantation [41]. The findings of 
these more recent studies confirmed our prior findings regarding the lack of a need for 
fusion, and furthered our understanding of the mechanism of hepatic repopulation by 
demonstrating that the generation of hepatocytes occurs independently of the transfer of 
either mitochondria or membrane-derived vesicles between the transplanted donor cells and 
the cells of the recipient liver [41]. These findings thus provide strong evidence to support 
genetic reprogramming and differentiation of the transplanted stem cells. The lack of fusion 
as a requirement for liver repopulation was in contrast to the results of numerous other 
studies employing injury models, raising the possibility that the efficacy and mechanism of 
stem cell repair will likely depend upon not only the stem cell population being 
transplanted, but also the nature of the injury/defect within the liver, and therefore the 
conditions within the hepatic microenvironment at the time of stem cell transplantation. 

Therefore, we performed studies to begin delineating the mechanism(s) of hepatocyte 
formation following transplantation of human MSC in the fetal sheep model, which we felt 
would be ideal for this analysis given the robust generation of human-derived hepatocytes. 
We labeled human BM-MSC with CFSE, which irreversible stains the plasma membrane 
[203, 204], or DiD, which labels all cell membranes, membrane-derived vesicles, and 
intracellular organelles such as mitochondria [205-207]. Consequently, pre-immune fetal 
sheep were IP injected with either CSFE-positive MSC alone or CFSE-positive MSC in 
combination with DiD-positive MSC. After transplantation, peripheral blood and peritoneal 
lavage were assayed for the presence of the cells. At 20h post-transplant, cells were already 
present in the peripheral blood, and all transplanted cells had exited the peritoneum by 96h. 
Confocal microscopic analysis for the presence of CFSE+ or DiD+ cells revealed that the 
transplanted cells initially appeared in the liver at 25h post-transplant, and their numbers 
then increased, reaching a maximum at 40h post-transplant. The next step was to evaluate if 
the cells, once in the liver, commenced proliferation before or after initiating differentiation 
towards tissue-specific cells. At all time points after transplantation, 95% of the CFSE+ or 
DiD+ cells were also positive for Ki67, indicating that the cells had already begun, or simply 
continued, to proliferate upon arrival to the liver. These results confirmed that the higher 
levels of the cells observed at later time points was likely due to the proliferation of the 
initial MSC that engrafted in the liver and not a result of more cells engrafting in the organ. 
These studies have important clinical implications, since they suggest that, independently of 
the low initial percentage of MSC engraftment into a certain tissue, the real contribution of 
the cell to that tissue does not only depend on the initial engraftment levels but also on the 
tissue’s intrinsic proliferative capacity. Following engraftment of transplanted cells into the 
liver, hepatoblasts were generated that, due to their intrinsic proliferative capacity [208], 
continued proliferating and further contributing to the chimeric tissue [196]. In contrast, if 
one were developing a therapy for which the transplanted cell needed to differentiate into a 
quiescent cell, such as a terminally differentiated neuron, the contribution of that cell to the 
tissue would be limited to the initial levels of engraftment. 

We next examined the timeline of MSC differentiation into organ-specific cell types in the 
liver, identifying differentiation of the transplanted cells by their simultaneous positivity for 
CFSE or DiD and α-Fetoprotein, since during normal fetal liver development, hepatocytes 
acquire the expression of this protein [209, 210]. At 25h post-transplant, cells that were 
positive for CFSE or DiD, were already expressing α-fetoprotein, indicating that the 
transplanted MSC were not only present in the tissue at this first time point of analysis, but 
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they were already differentiated into a hepatocyte-like phenotype. These results thus 
showed, for the first time, that transplanted MSC engraft within the recipient liver, proliferate, 
and rapidly commence hepatocytic differentiation. To begin unraveling the mechanism by 
which MSC seemingly gave rise to hepatocytes in the fetal liver, we performed fluorescence in 
situ hybridization (FISH) using a human- and a sheep-specific probe, coupled with confocal 
microscopy for the CFSE or DiD labels. The complete lack of hybridization of the nuclei of 
CFSE+ or DiD+ cells to the sheep probe conclusively demonstrated that the transplanted 
human MSC gave rise to hepatocytes independent of fusion or membrane vesicle/organelle 
transfer, and by true reprogramming/transdifferentiation [211]. In fact, we observed a 
sequential differentiation program, in which cells gradually expressed markers of 
differentiation, from the most undifferentiated cell to the mature fully differentiated cell type 
in the organ in question. Understanding the complete pathway of differentiation could 
ultimately make it possible to provide a cell driven to a precise point in differentiation to 
correct of a disease by providing exactly the cell type most needed. 

Despite the significance of our findings in the fetal sheep model, it is important to note that, 
even when using an optimal route of injection, the overall levels of liver engraftment may 
still be too low to achieve cure in many clinical situations. While the fetus has long been 
presumed to be immune-naïve, recent studies in mice have suggested that this may not be 
the case, since syngeneic hematopoietic stem cells engraft at higher levels than allogeneic 
cells of the same phenotype following in utero transplantation. Thus, it is possible that some 
rudimentary immune surveillance exists within the fetus and limited the levels of 
engraftment within the liver. MSC are well known for their immune-evading and 
immunomodulatory properties, but studies in murine and swine models have provided 
evidence that MSC are not completely invisible to the recipient’s immune system, nor 
immune-inert. Indeed, upon in vivo administration, MSC are able to trigger immune 
responses, resulting in rejection of the transplanted cells [212-216]. Based on these prior 
studies, we hypothesized that further reducing the immunogenicity of the MSC prior to 
transplant might enable us to achieve even higher levels of engraftment and hepatocyte 
generation, both in this “pre-immune” fetal model and, perhaps, even in recipients with a 
more developed/mature immune system. To test this hypothesis, we genetically modified 
human MSC to stably express proteins known to exert potent immunomodulatory/immune-
evading properties. The proteins we selected were derived from the ubiquitously prevalent 
human cytomegalovirus (HCMV). This virus is well known to possess multiple immune 
evasive strategies, which enable it to enter a state of latency in which it is invisible to immune 
surveillance, only to re-emerge when conditions are favorable, such as during the period of 
immuno-suppression following bone marrow or solid organ transplant, and wreak havoc on 
the immuno-compromised patient. HCMV accomplishes its immuno-evasion due largely to its 
unique short region (US) proteins. We therefore used a retroviral vector to genetically modify 
MSC to stably express members of the HCMV US protein family that are known to specifically 
reduce cytotoxic T cell recognition by different mechanisms, and compared the 
immunogenicity and immunomodulatory properties of these “US-MSC” to unmodified MSC 
and to MSC transduced with an empty control vector. Our results revealed that MSC 
expressing US6 (MSC-US6) and US11 (MSC-US11) exhibited the most pronounced reduction 
in HLA-I expression and accordingly, induced the lowest level of human or sheep PBMNC 
proliferation in mixed lymphocyte reactions. Moreover, as there are controversial reports 
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hepatic markers within as little as 24 or 48 hours post-transplantation [41]. The findings of 
these more recent studies confirmed our prior findings regarding the lack of a need for 
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stem cell repair will likely depend upon not only the stem cell population being 
transplanted, but also the nature of the injury/defect within the liver, and therefore the 
conditions within the hepatic microenvironment at the time of stem cell transplantation. 
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We labeled human BM-MSC with CFSE, which irreversible stains the plasma membrane 
[203, 204], or DiD, which labels all cell membranes, membrane-derived vesicles, and 
intracellular organelles such as mitochondria [205-207]. Consequently, pre-immune fetal 
sheep were IP injected with either CSFE-positive MSC alone or CFSE-positive MSC in 
combination with DiD-positive MSC. After transplantation, peripheral blood and peritoneal 
lavage were assayed for the presence of the cells. At 20h post-transplant, cells were already 
present in the peripheral blood, and all transplanted cells had exited the peritoneum by 96h. 
Confocal microscopic analysis for the presence of CFSE+ or DiD+ cells revealed that the 
transplanted cells initially appeared in the liver at 25h post-transplant, and their numbers 
then increased, reaching a maximum at 40h post-transplant. The next step was to evaluate if 
the cells, once in the liver, commenced proliferation before or after initiating differentiation 
towards tissue-specific cells. At all time points after transplantation, 95% of the CFSE+ or 
DiD+ cells were also positive for Ki67, indicating that the cells had already begun, or simply 
continued, to proliferate upon arrival to the liver. These results confirmed that the higher 
levels of the cells observed at later time points was likely due to the proliferation of the 
initial MSC that engrafted in the liver and not a result of more cells engrafting in the organ. 
These studies have important clinical implications, since they suggest that, independently of 
the low initial percentage of MSC engraftment into a certain tissue, the real contribution of 
the cell to that tissue does not only depend on the initial engraftment levels but also on the 
tissue’s intrinsic proliferative capacity. Following engraftment of transplanted cells into the 
liver, hepatoblasts were generated that, due to their intrinsic proliferative capacity [208], 
continued proliferating and further contributing to the chimeric tissue [196]. In contrast, if 
one were developing a therapy for which the transplanted cell needed to differentiate into a 
quiescent cell, such as a terminally differentiated neuron, the contribution of that cell to the 
tissue would be limited to the initial levels of engraftment. 

We next examined the timeline of MSC differentiation into organ-specific cell types in the 
liver, identifying differentiation of the transplanted cells by their simultaneous positivity for 
CFSE or DiD and α-Fetoprotein, since during normal fetal liver development, hepatocytes 
acquire the expression of this protein [209, 210]. At 25h post-transplant, cells that were 
positive for CFSE or DiD, were already expressing α-fetoprotein, indicating that the 
transplanted MSC were not only present in the tissue at this first time point of analysis, but 
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they were already differentiated into a hepatocyte-like phenotype. These results thus 
showed, for the first time, that transplanted MSC engraft within the recipient liver, proliferate, 
and rapidly commence hepatocytic differentiation. To begin unraveling the mechanism by 
which MSC seemingly gave rise to hepatocytes in the fetal liver, we performed fluorescence in 
situ hybridization (FISH) using a human- and a sheep-specific probe, coupled with confocal 
microscopy for the CFSE or DiD labels. The complete lack of hybridization of the nuclei of 
CFSE+ or DiD+ cells to the sheep probe conclusively demonstrated that the transplanted 
human MSC gave rise to hepatocytes independent of fusion or membrane vesicle/organelle 
transfer, and by true reprogramming/transdifferentiation [211]. In fact, we observed a 
sequential differentiation program, in which cells gradually expressed markers of 
differentiation, from the most undifferentiated cell to the mature fully differentiated cell type 
in the organ in question. Understanding the complete pathway of differentiation could 
ultimately make it possible to provide a cell driven to a precise point in differentiation to 
correct of a disease by providing exactly the cell type most needed. 

Despite the significance of our findings in the fetal sheep model, it is important to note that, 
even when using an optimal route of injection, the overall levels of liver engraftment may 
still be too low to achieve cure in many clinical situations. While the fetus has long been 
presumed to be immune-naïve, recent studies in mice have suggested that this may not be 
the case, since syngeneic hematopoietic stem cells engraft at higher levels than allogeneic 
cells of the same phenotype following in utero transplantation. Thus, it is possible that some 
rudimentary immune surveillance exists within the fetus and limited the levels of 
engraftment within the liver. MSC are well known for their immune-evading and 
immunomodulatory properties, but studies in murine and swine models have provided 
evidence that MSC are not completely invisible to the recipient’s immune system, nor 
immune-inert. Indeed, upon in vivo administration, MSC are able to trigger immune 
responses, resulting in rejection of the transplanted cells [212-216]. Based on these prior 
studies, we hypothesized that further reducing the immunogenicity of the MSC prior to 
transplant might enable us to achieve even higher levels of engraftment and hepatocyte 
generation, both in this “pre-immune” fetal model and, perhaps, even in recipients with a 
more developed/mature immune system. To test this hypothesis, we genetically modified 
human MSC to stably express proteins known to exert potent immunomodulatory/immune-
evading properties. The proteins we selected were derived from the ubiquitously prevalent 
human cytomegalovirus (HCMV). This virus is well known to possess multiple immune 
evasive strategies, which enable it to enter a state of latency in which it is invisible to immune 
surveillance, only to re-emerge when conditions are favorable, such as during the period of 
immuno-suppression following bone marrow or solid organ transplant, and wreak havoc on 
the immuno-compromised patient. HCMV accomplishes its immuno-evasion due largely to its 
unique short region (US) proteins. We therefore used a retroviral vector to genetically modify 
MSC to stably express members of the HCMV US protein family that are known to specifically 
reduce cytotoxic T cell recognition by different mechanisms, and compared the 
immunogenicity and immunomodulatory properties of these “US-MSC” to unmodified MSC 
and to MSC transduced with an empty control vector. Our results revealed that MSC 
expressing US6 (MSC-US6) and US11 (MSC-US11) exhibited the most pronounced reduction 
in HLA-I expression and accordingly, induced the lowest level of human or sheep PBMNC 
proliferation in mixed lymphocyte reactions. Moreover, as there are controversial reports 



 
Liver Regeneration 204 

regarding whether reduction in HLA-I expression by HCMV US proteins renders infected cells 
more susceptible to NK killing [217, 218], we next examined whether forced expression of US6 
or US11 predisposed MSC to NK lysis. To our surprise, expression of US6 or US11 protein did 
not increase the ability of NK cells to target MSC. Moreover, expression of US11 actually 
protected MSC from NK cytotoxic effects [219]. Based on these promising in vitro results, we 
transplanted MSC-US6, MSC-US11 and MSC-E (control cell line transduced with the empty 
vector) into fetal sheep recipients by IP injection. Tissues were collected at 60 days post-
transplant and analyzed for engraftment and hepatocytic differentiation of the transplanted 
cells. Using both quantitative PCR and immunofluorescence, we determined that expression of 
either the US6 or the US11 HCMV protein on the transplanted MSC led to significantly 
enhanced levels of liver engraftment compared to those seen with MSC-E. However, although 
the increased levels of engrafted cells translated into increased levels of cells expressing 
HEPAR-I, many of these did not express albumin or Ov-6 [220]. This suggests that the 
hepatocytes generated by transplantation of these genetically modified cells were of a broad 
range of differentiation, not immature and not completely mature at the time of tissue 
collection. These results clearly show that by enhancing the immuno-evasive MSC properties, 
the levels of engraftment and hepatocyte generation can be significantly increased to provide a 
more successful regenerative therapy, even in the context of a fetal recipient whose immune 
system is presumed to be largely immature. 

3. Clinical trials 
Despite the promising results obtained in animal models, the use of MSC to treat liver 
diseases is still in its infancy, and very few clinical trials using these cells have been 
performed. Several concerns still exist over this therapy regarding the best administration 
route, and the possibility of cellular fusion, with the inherent risks that may accompany the 
presence of hepatocytes that are potentially genetically unstable within the environment of a 
diseased liver. In 2007, Mohamadnejad et al. reported that infusion of BM-derived MSC via a 
peripheral vein was found to be well tolerated and to have a definite therapeutic effect, since 
the quality of life of all 4 transplanted patients was improved by 12 months post-infusion, 
and the model for end-stage liver disease (MELD) scores for 2 of the 4 patients improved 
significantly during the course of the trial.  

Another 8 patients with end-stage liver disease due to different etiologies received 30-50 
million BM-derived MSC injected into a peripheral vein or the portal vein. Treatment was 
well tolerated by all patients, and liver function improved as verified by MELD scores. 
However, both of these trials lacked a control arm, and the number of patients was very 
small. Another study examining the safety and efficacy of umbilical cord-derived MSC (UC-
MSC) in 45 patients with decompensated liver cirrhosis demonstrated that both patients that 
received UC-MSC and those in the control arm that received saline suffered no significant 
side-effects or complications. However, in patients treated with UC-MSC there was a 
significant reduction in the volume of ascites when compared with control. Also, UC-MSC 
therapy significantly improved liver function, as evidenced by the increase of serum 
albumin levels, decrease in total serum bilirubin levels, and decrease in the sodium model 
for end-stage liver disease scores [151]. Forty patients with end-stage liver failure due to 
chronic hepatitis C were selected for a controlled study in which 10 received autologous 
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bone marrow-derived mesenchymal stem cells that were pre-induced to the hepatic lineage 
in vitro prior to transplant. Three groups were included in this trial: one in which 10 patients 
received the MSC by an intrasplenic route, another in which the 10 patients received cells by 
intrahepatic route, and a control group consisting of the remaining 20 patients. Patients in 
all groups were followed up using clinical and laboratory parameters and evaluated by 
MELD scores, fatigue scale, and performance status. Both transplanted groups, regardless of 
administration route, showed significant improvement when compared to the control [172]. 
Another phase 1 trial, in which four patients with decompensated liver cirrhosis were 
included, demonstrated that, after infusion of approximately 32 million bone marrow 
derived MSC through a peripheral vein, MELD scores of 2 patients improved by the end of 
follow-up as well as the quality of life of all four patients [173] 

Collectively, these studies provide hope that BM-derived cells may prove to be a valuable 
resource for cell-based therapies for liver disease. However, the results of these studies must 
be interpreted with some trepidation, given the limited number of patients enrolled in each 
trial and the lack of appropriate controls in some of the studies. Furthermore, since the cells in 
these trials were autologously-derived, there was no way for the investigators to assess the 
actual engraftment, persistence, or differentiative potential of the transplanted cells, leaving 
the mechanism responsible for the observed clinical improvements open to speculation.  

4. Conclusion 
Presently, chronic liver disease constitutes one of the leading worldwide causes of death. It 
can be triggered by a wide array of insults, including, but not limited to hepatitis infection, 
alcohol consumption, exposure to toxic chemicals, and congenital defects. Currently, the 
only definitive treatment for chronic liver disease is whole or partial liver transplantation. 
Due to the limited availability of donor livers and the severe morbidity and mortality 
associated with this treatment, there is an urgent need for new therapeutic approaches. 
While hepatocyte transplantation represents an option, the limited availability of donor 
livers and the inability to maintain and expand hepatocytes in culture precludes this option 
from becoming a clinically viable treatment option. MSC offer several advantages such as: 
extensive expansion in vitro, multipotent differentiative capacity, the ability to selectively 
and efficiently migrate to sites of injury following systemic infusion, their potent 
immunomodulatory and trophic properties, and the ease with which they can be genetically 
modified, making it possible to use autologous cells, even in the case of underlying genetic 
disease. MSC can be isolated from a wide range of human tissues and, despite subtle 
differences, they all share the same beneficial characteristics, making MSC transplantation a 
promising approach for liver repair/regeneration. However, in order to maximize MSC 
capabilities for improving/recovering the liver mass and/or function depending on the 
particular disease/injury, several issues must still be resolved: selection of the most 
therapeutic MSC source; standardization of the protocols for unequivocally isolating the 
desired MSC population from each tissue; more complete in vitro and in vivo 
characterization of the differentiative potential of the cells; and further optimization of the 
route, cell dose, timing, and degree of desired MSC differentiation. Once these questions 
have been answered, the knowledge gained during in vitro and in vivo studies in animal 
models could be safely and efficiently translated into humans to develop an appropriate and 
successful therapy for chronic liver disease. 
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regarding whether reduction in HLA-I expression by HCMV US proteins renders infected cells 
more susceptible to NK killing [217, 218], we next examined whether forced expression of US6 
or US11 predisposed MSC to NK lysis. To our surprise, expression of US6 or US11 protein did 
not increase the ability of NK cells to target MSC. Moreover, expression of US11 actually 
protected MSC from NK cytotoxic effects [219]. Based on these promising in vitro results, we 
transplanted MSC-US6, MSC-US11 and MSC-E (control cell line transduced with the empty 
vector) into fetal sheep recipients by IP injection. Tissues were collected at 60 days post-
transplant and analyzed for engraftment and hepatocytic differentiation of the transplanted 
cells. Using both quantitative PCR and immunofluorescence, we determined that expression of 
either the US6 or the US11 HCMV protein on the transplanted MSC led to significantly 
enhanced levels of liver engraftment compared to those seen with MSC-E. However, although 
the increased levels of engrafted cells translated into increased levels of cells expressing 
HEPAR-I, many of these did not express albumin or Ov-6 [220]. This suggests that the 
hepatocytes generated by transplantation of these genetically modified cells were of a broad 
range of differentiation, not immature and not completely mature at the time of tissue 
collection. These results clearly show that by enhancing the immuno-evasive MSC properties, 
the levels of engraftment and hepatocyte generation can be significantly increased to provide a 
more successful regenerative therapy, even in the context of a fetal recipient whose immune 
system is presumed to be largely immature. 

3. Clinical trials 
Despite the promising results obtained in animal models, the use of MSC to treat liver 
diseases is still in its infancy, and very few clinical trials using these cells have been 
performed. Several concerns still exist over this therapy regarding the best administration 
route, and the possibility of cellular fusion, with the inherent risks that may accompany the 
presence of hepatocytes that are potentially genetically unstable within the environment of a 
diseased liver. In 2007, Mohamadnejad et al. reported that infusion of BM-derived MSC via a 
peripheral vein was found to be well tolerated and to have a definite therapeutic effect, since 
the quality of life of all 4 transplanted patients was improved by 12 months post-infusion, 
and the model for end-stage liver disease (MELD) scores for 2 of the 4 patients improved 
significantly during the course of the trial.  

Another 8 patients with end-stage liver disease due to different etiologies received 30-50 
million BM-derived MSC injected into a peripheral vein or the portal vein. Treatment was 
well tolerated by all patients, and liver function improved as verified by MELD scores. 
However, both of these trials lacked a control arm, and the number of patients was very 
small. Another study examining the safety and efficacy of umbilical cord-derived MSC (UC-
MSC) in 45 patients with decompensated liver cirrhosis demonstrated that both patients that 
received UC-MSC and those in the control arm that received saline suffered no significant 
side-effects or complications. However, in patients treated with UC-MSC there was a 
significant reduction in the volume of ascites when compared with control. Also, UC-MSC 
therapy significantly improved liver function, as evidenced by the increase of serum 
albumin levels, decrease in total serum bilirubin levels, and decrease in the sodium model 
for end-stage liver disease scores [151]. Forty patients with end-stage liver failure due to 
chronic hepatitis C were selected for a controlled study in which 10 received autologous 
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bone marrow-derived mesenchymal stem cells that were pre-induced to the hepatic lineage 
in vitro prior to transplant. Three groups were included in this trial: one in which 10 patients 
received the MSC by an intrasplenic route, another in which the 10 patients received cells by 
intrahepatic route, and a control group consisting of the remaining 20 patients. Patients in 
all groups were followed up using clinical and laboratory parameters and evaluated by 
MELD scores, fatigue scale, and performance status. Both transplanted groups, regardless of 
administration route, showed significant improvement when compared to the control [172]. 
Another phase 1 trial, in which four patients with decompensated liver cirrhosis were 
included, demonstrated that, after infusion of approximately 32 million bone marrow 
derived MSC through a peripheral vein, MELD scores of 2 patients improved by the end of 
follow-up as well as the quality of life of all four patients [173] 

Collectively, these studies provide hope that BM-derived cells may prove to be a valuable 
resource for cell-based therapies for liver disease. However, the results of these studies must 
be interpreted with some trepidation, given the limited number of patients enrolled in each 
trial and the lack of appropriate controls in some of the studies. Furthermore, since the cells in 
these trials were autologously-derived, there was no way for the investigators to assess the 
actual engraftment, persistence, or differentiative potential of the transplanted cells, leaving 
the mechanism responsible for the observed clinical improvements open to speculation.  

4. Conclusion 
Presently, chronic liver disease constitutes one of the leading worldwide causes of death. It 
can be triggered by a wide array of insults, including, but not limited to hepatitis infection, 
alcohol consumption, exposure to toxic chemicals, and congenital defects. Currently, the 
only definitive treatment for chronic liver disease is whole or partial liver transplantation. 
Due to the limited availability of donor livers and the severe morbidity and mortality 
associated with this treatment, there is an urgent need for new therapeutic approaches. 
While hepatocyte transplantation represents an option, the limited availability of donor 
livers and the inability to maintain and expand hepatocytes in culture precludes this option 
from becoming a clinically viable treatment option. MSC offer several advantages such as: 
extensive expansion in vitro, multipotent differentiative capacity, the ability to selectively 
and efficiently migrate to sites of injury following systemic infusion, their potent 
immunomodulatory and trophic properties, and the ease with which they can be genetically 
modified, making it possible to use autologous cells, even in the case of underlying genetic 
disease. MSC can be isolated from a wide range of human tissues and, despite subtle 
differences, they all share the same beneficial characteristics, making MSC transplantation a 
promising approach for liver repair/regeneration. However, in order to maximize MSC 
capabilities for improving/recovering the liver mass and/or function depending on the 
particular disease/injury, several issues must still be resolved: selection of the most 
therapeutic MSC source; standardization of the protocols for unequivocally isolating the 
desired MSC population from each tissue; more complete in vitro and in vivo 
characterization of the differentiative potential of the cells; and further optimization of the 
route, cell dose, timing, and degree of desired MSC differentiation. Once these questions 
have been answered, the knowledge gained during in vitro and in vivo studies in animal 
models could be safely and efficiently translated into humans to develop an appropriate and 
successful therapy for chronic liver disease. 
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1. Introduction 
Liver is the largest organ in the human body and it functions like a metabolic factory. 
Disruption of its anatomical structure, which is often caused by excessive fibrosis of the 
extracellular matrix (ECM), when left unattended, can lead to cirrhosis of the liver and cause 
permanent and irreversible damage to its organization and function, with fatal 
consequences. Liver cirrhosis, which is generally the end result of chronic liver disease 
(CLD), can be caused due to many etiological reasons including (a) long term infections with 
hepatitis B and C viruses, (b) uncontrolled alcohol abuse, (c) excessive exposure to metabolic 
products of metals like iron and copper (d) autoimmune inflammation of the liver (e) 
nonalcoholic fatty liver disease (NAFLD) and (f) nonalcoholic steatohepatitis (NASH) 
(reviewed in [1]). Histo-pathologically, a hallmark of liver cirrhosis is the abnormal 
production and storage of collagen molecules in the ECM, formation of a scar tissue that 
replaces normal parenchyma and blockage of the portal flow of blood through the organ, 
thus affecting normal hepatocellular activity and ultimately total loss of liver functions [2, 
3]. Cirrhosis of the liver in early stages is largely asymptomatic, therefore remains 
undetected by physical examination and other available tests. Diagnosis of fibrosis at early 
stages and prevention of its progression to cirrhosis is a very important factor in the 
management of the disease. Among the different options available for treatment, this review 
would focus on cell based therapy for liver cirrhosis with a special attention on the 
challenges and procedures of using human fetal liver cells. Methods to improve the clinical 
application of cell and tissue imaging of liver in the management of cirrhosis would also be 
discussed, briefly. 

2. Treatment options for liver cirrhosis 
The established choices of treatment for cirrhosis are very limited and in most cases 
withdrawl of the underlying causative agent is used as the first line of treatment. Anti-viral 
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application of cell and tissue imaging of liver in the management of cirrhosis would also be 
discussed, briefly. 

2. Treatment options for liver cirrhosis 
The established choices of treatment for cirrhosis are very limited and in most cases 
withdrawl of the underlying causative agent is used as the first line of treatment. Anti-viral 
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therapy and biochemical modulation of liver metabolism are some of the classical treatment 
strategies but more recently several cell therapy based options have been used albeit many 
are still experimental and limited to preclinical studies. Some of the approaches for 
treatment of cirrhosis are discussed below. 

2.1 Liver transplantation 

Liver transplant is considered to be one of the best curative treatment solutions available for 
advanced liver cirrhosis. However, the treatment procedure carries operative risk, is 
expensive, requires life long immunosuppression, and there is also a risk of graft rejection 
that requires a re-transplantation of the organ. One of the major limitations of liver 
transplantation is the availability of donor liver. There is a constant rise in number of 
patients on the waiting list for donor liver and an acute shortage on the availability, which is 
the leading cause for the increase in morbidity and mortality. This gap in the demand and 
supply of a donor liver tissue is partially filled by obtaining liver tissues from living donors 
and doing auxiliary liver transplantation. However, while opting for this procedure the 
possible risk to the donor and the benefits of the recipient must be considered. In this 
scenario, there is a clear need to look for alternative strategies for the therapy of end stage 
liver diseases that would be more effective and safe in reducing the tissue scarring of fibrotic 
livers and in redemption of normal liver function. 

2.2 Cell based therapy of liver diseases 

Cell based approaches for treatment of liver diseases offer novel but challenging alternatives 
to liver transplantation. Several types of stem and progenitor cells have been explored for 
their possible use in this field. Cell based therapies could be initiated by either (a) the 
activation or mobilization of autologous stem cells to the site of injury or (b) by the infusion 
of heterologous (or autologous) stem and progenitor cells from different sources. 

2.2.1 Activation of autologous regenerative cells 

The therapeutic role of autologous regeneration by resident cells in the liver or by mobilized 
cells from the bone marrow has a significant role to play in the auto regeneration of the 
normal tissue following liver injury. The failure of these mechanisms leads to the activation 
of degenerative cascades in the liver such as necrosis, cell death and abnormal accumulation 
of collagen. The autologous cell based therapies utilise the reactivation mechanisms where 
either the non responding resident cells in the liver are activated or fresh cells from the bone 
marrow are mobilised to the site of injury. 

2.2.1.1 Activation of resident regenerative cells in the liver by injectible growth factors 

In a cirrhotic liver the normal architecture is completely disrupted by abnormal 
accumulation of ECM components that block the vascular supply leading to the death of 
liver parenchyma which contributes to the decrease in liver function. The liver has a 
spontaneous regeneration potential to compensate for this loss of liver parenchyma by 
division of the existing hepatocytes and hepatic progenitor cells (HPC). However due to 
extensive scarring of tissue the regenerating cells are prevented from regaining their normal 
function. It is proposed that ECM remodelling can lead to resolution of this blockage and 
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reactivate the resident regenerative cells in the affected area. Earlier work on ECM 
remodelling by using matrix modifying factors such as hepatocyte growth factor (HGF) 
have shown prevention and/or regression of fibrosis in animal models of liver and 
pulmonary injury [4]. Administration of human rHGF or gene transfer of human HGF to 
rats with hepatic fibrosis/ cirrhosis caused by di-methyl-nitrosamine prevented the onset 
and progression of hepatic fibrosis/cirrhosis [5, 6]. Some of the studies have revealed that 
HGF mediates this process by directly antagonizing the pro-fibrotic actions of Transforming 
growth factor (TGF)-β1 [7, 8]. In addition to these molecules, studies on basic fibroblast 
growth factor (b-FGF, FGF-2), in animal models, has shown their participation in tissue 
regeneration, angiogenesis and in wound healing processes [9]. A recent report has shown 
that activation of HPC might be linked up with ECM remodelling. Degradation of collagen I 
and subsequent laminin deposition seem to be important prerequisites for HPC activation 
and expansion [10]. Based upon these results it appears that a better understanding of the 
factors that govern HPC proliferation and the resultant ECM changes would provide clues 
to improve regeneration of liver cells in chronic liver disease.  

2.2.1.2 In situ mobilization of bone marrow cells to the liver 

Liver cirrhosis is associated with an intermittent mobilization of different types of bone 
marrow cells that are committed to differentiate to hepatocytes [11]. This process could be 
triggered either spontaneously upon liver injury or by administration of growth factors that 
could stimulate the migration of stem cells from the bone marrow into peripheral blood. 
Granulocyte-colony stimulating factor (G-CSF) is one such mobilizing agent that is receiving 
considerable attention recently in the field of liver therapy. Several studies have indicated 
that G-CSF may be effective in mobilizing bone marrow cells into the peripheral blood that 
contribute to liver repair [12, 13]. In rats G-CSF was shown to contribute to liver repair in a 
double mechanism by increasing the bone marrow derived liver repopulation, and also by 
activating the endogenous oval cells, that express G-CSF receptor (G-CSFR) [14].  

In a clinical trial, 8 patients affected by severe liver cirrhosis were administered G-CSF and 
the treatment was well tolerated in all the patients during a follow-up of 8 months, and 
mobilization of bone marrow stem cells co-expressing epithelial and stem markers was 
noted [15, 16] . Two independent studies on a group of 24 patients and 18 patients [17, 18] 
with severe liver cirrhosis resulted in a dose-dependent mobilization of good 
CD34+/CD133+ bone marrow stem cells and proved that the procedure was safe, but did 
not achieve any significant clinical improvement. Treatment with G-CSF was associated 
with the induction of HPC proliferation within 7 days of administration [19]. In a recent 
report G-CSF based mobilization of bone marrow cells was used successfully to treat 
patients even with acute on chronic-liver failure (ACLF), and a significant recovery in the 
clinical condition was noted [20]. Use of G-CSF could thus promote the in situ mobilization 
and regeneration of the liver tissue without excessive intervention and is slowly gaining its 
importance in the field of liver therapy.  

2.2.2 Infusion of therapeutic cells  

The discovery of stem cells has revolutionized the field of medicine offering potential 
options for the management of various chronic disorders. Different types of stem and 
progenitor cells from various sources are available with a broad potential for differentiation 
and application in tissue regeneration and newer sources are being explored. Several clinical 
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therapy and biochemical modulation of liver metabolism are some of the classical treatment 
strategies but more recently several cell therapy based options have been used albeit many 
are still experimental and limited to preclinical studies. Some of the approaches for 
treatment of cirrhosis are discussed below. 

2.1 Liver transplantation 

Liver transplant is considered to be one of the best curative treatment solutions available for 
advanced liver cirrhosis. However, the treatment procedure carries operative risk, is 
expensive, requires life long immunosuppression, and there is also a risk of graft rejection 
that requires a re-transplantation of the organ. One of the major limitations of liver 
transplantation is the availability of donor liver. There is a constant rise in number of 
patients on the waiting list for donor liver and an acute shortage on the availability, which is 
the leading cause for the increase in morbidity and mortality. This gap in the demand and 
supply of a donor liver tissue is partially filled by obtaining liver tissues from living donors 
and doing auxiliary liver transplantation. However, while opting for this procedure the 
possible risk to the donor and the benefits of the recipient must be considered. In this 
scenario, there is a clear need to look for alternative strategies for the therapy of end stage 
liver diseases that would be more effective and safe in reducing the tissue scarring of fibrotic 
livers and in redemption of normal liver function. 

2.2 Cell based therapy of liver diseases 

Cell based approaches for treatment of liver diseases offer novel but challenging alternatives 
to liver transplantation. Several types of stem and progenitor cells have been explored for 
their possible use in this field. Cell based therapies could be initiated by either (a) the 
activation or mobilization of autologous stem cells to the site of injury or (b) by the infusion 
of heterologous (or autologous) stem and progenitor cells from different sources. 

2.2.1 Activation of autologous regenerative cells 

The therapeutic role of autologous regeneration by resident cells in the liver or by mobilized 
cells from the bone marrow has a significant role to play in the auto regeneration of the 
normal tissue following liver injury. The failure of these mechanisms leads to the activation 
of degenerative cascades in the liver such as necrosis, cell death and abnormal accumulation 
of collagen. The autologous cell based therapies utilise the reactivation mechanisms where 
either the non responding resident cells in the liver are activated or fresh cells from the bone 
marrow are mobilised to the site of injury. 

2.2.1.1 Activation of resident regenerative cells in the liver by injectible growth factors 

In a cirrhotic liver the normal architecture is completely disrupted by abnormal 
accumulation of ECM components that block the vascular supply leading to the death of 
liver parenchyma which contributes to the decrease in liver function. The liver has a 
spontaneous regeneration potential to compensate for this loss of liver parenchyma by 
division of the existing hepatocytes and hepatic progenitor cells (HPC). However due to 
extensive scarring of tissue the regenerating cells are prevented from regaining their normal 
function. It is proposed that ECM remodelling can lead to resolution of this blockage and 
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reactivate the resident regenerative cells in the affected area. Earlier work on ECM 
remodelling by using matrix modifying factors such as hepatocyte growth factor (HGF) 
have shown prevention and/or regression of fibrosis in animal models of liver and 
pulmonary injury [4]. Administration of human rHGF or gene transfer of human HGF to 
rats with hepatic fibrosis/ cirrhosis caused by di-methyl-nitrosamine prevented the onset 
and progression of hepatic fibrosis/cirrhosis [5, 6]. Some of the studies have revealed that 
HGF mediates this process by directly antagonizing the pro-fibrotic actions of Transforming 
growth factor (TGF)-β1 [7, 8]. In addition to these molecules, studies on basic fibroblast 
growth factor (b-FGF, FGF-2), in animal models, has shown their participation in tissue 
regeneration, angiogenesis and in wound healing processes [9]. A recent report has shown 
that activation of HPC might be linked up with ECM remodelling. Degradation of collagen I 
and subsequent laminin deposition seem to be important prerequisites for HPC activation 
and expansion [10]. Based upon these results it appears that a better understanding of the 
factors that govern HPC proliferation and the resultant ECM changes would provide clues 
to improve regeneration of liver cells in chronic liver disease.  

2.2.1.2 In situ mobilization of bone marrow cells to the liver 

Liver cirrhosis is associated with an intermittent mobilization of different types of bone 
marrow cells that are committed to differentiate to hepatocytes [11]. This process could be 
triggered either spontaneously upon liver injury or by administration of growth factors that 
could stimulate the migration of stem cells from the bone marrow into peripheral blood. 
Granulocyte-colony stimulating factor (G-CSF) is one such mobilizing agent that is receiving 
considerable attention recently in the field of liver therapy. Several studies have indicated 
that G-CSF may be effective in mobilizing bone marrow cells into the peripheral blood that 
contribute to liver repair [12, 13]. In rats G-CSF was shown to contribute to liver repair in a 
double mechanism by increasing the bone marrow derived liver repopulation, and also by 
activating the endogenous oval cells, that express G-CSF receptor (G-CSFR) [14].  

In a clinical trial, 8 patients affected by severe liver cirrhosis were administered G-CSF and 
the treatment was well tolerated in all the patients during a follow-up of 8 months, and 
mobilization of bone marrow stem cells co-expressing epithelial and stem markers was 
noted [15, 16] . Two independent studies on a group of 24 patients and 18 patients [17, 18] 
with severe liver cirrhosis resulted in a dose-dependent mobilization of good 
CD34+/CD133+ bone marrow stem cells and proved that the procedure was safe, but did 
not achieve any significant clinical improvement. Treatment with G-CSF was associated 
with the induction of HPC proliferation within 7 days of administration [19]. In a recent 
report G-CSF based mobilization of bone marrow cells was used successfully to treat 
patients even with acute on chronic-liver failure (ACLF), and a significant recovery in the 
clinical condition was noted [20]. Use of G-CSF could thus promote the in situ mobilization 
and regeneration of the liver tissue without excessive intervention and is slowly gaining its 
importance in the field of liver therapy.  

2.2.2 Infusion of therapeutic cells  

The discovery of stem cells has revolutionized the field of medicine offering potential 
options for the management of various chronic disorders. Different types of stem and 
progenitor cells from various sources are available with a broad potential for differentiation 
and application in tissue regeneration and newer sources are being explored. Several clinical 
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studies have been reported and reviewed where regenerative cells had been infused for the 
purpose of liver therapy and many other studies are currently in progress. 

Based on the donor tissue source and the differentiation potential of cells the results on the 
therapeutic efficacy of several cell types has been described below. 

2.2.2.1 Infusion of adult hepatocytes and Bio-artificial Livers (BALs) 

Adult hepatocytes are the fully mature functional cells of the liver that are highly 
specialized with the ability to divide and are an ideal source for transplantation. Though 
hepatocyte transplantation has been recognized as an attractive option for the management 
of metabolic liver disease some 35 years ago [21], lack of availability of livers for cell 
isolation, difficulty in expansion of hepatocytes in vitro and their sensitivity to freeze-thaw 
are major limitations for their routine use in cell therapy.  

Allogeneic primary hepatocytes isolated from cadaver livers and infused via the splenic 
artery or the portal vein showed an improvement in the clinical condition [22, 23, 24]. Many 
preclinical studies and clinical applications of this technique have been made to cure 
metabolic liver disorders and end-stage liver diseases [25]. In most instances, hepatocyte 
transplantation has been able to grant a clinical improvement for up to 12 months [26].  

Implantable hepatocyte-based devices and extra corporeal liver assist devices represent 
another alternative for the treatment of end-stage liver disease [27]. BAL devices are 
intended to support the failing functions of the organ, and include both a biological 
component (parenchymal cells) and an artificial scaffold serving as an interface with patient 
blood or plasma. Two main clinical trials have evaluated the efficacy of liver assist devices 
in patients with fulminant liver failure. Owing to the difficulty in supply of human 
hepatocytes, the devices included either purified pig hepatocytes (HepatAssist) or cell lines 
derived from liver cancer cells (ELAD) [28, 29]. Both trials failed to demonstrate a beneficial 
effect on survival. In the future, such devices are likely to re-emerge as a result of new 
technologies that allow growth and differentiation of large amounts of liver cells in vitro 
from stem/precursor cells. However, BALs will have to challenge cost-effectiveness in 
comparison with more convenient artificial devices. 

2.2.2.2 HPC’s and fetal liver cells (hepatoblasts)  

Isolation, expansion and differentiation of adult HPCs to functional hepatocytes has been 
described by several workers [30, 31, 32], however identification of a specific marker of 
HPCs still remains a challenge. Clinical studies on the repopulation of the human liver by 
HPCs are still awaited. 

Compared to the adult HPCs, fetal liver progenitor cells are highly proliferative, less 
immunogenic and more resistant to cryopreservation. The human fetal liver, between 10 
and 18 weeks of gestation, contains a large number of actively dividing hepatic stem and 
progenitor cells that are termed as hepatoblasts. These are bi-potent cells , that can give rise 
to both hepatocytes and bile duct cells; they co-express hepatocyte markers (such as 
albumin, α-fetoprotein (AFP), α-1 microglobulin, glycogen, glucose-6-phosphatase (G-6-P) and 
Hep-Par-1) and biliary markers, for example, gamma glutamyl transpeptidase (GGT), 
dipeptidyl peptidase IV (DPPIV), cytokeratin (CK)-19 and Das-1-monoclonal antibody-
reactive antigen, [33, 34]. These markers are expressed throughout the second trimester and 
thus offer opportunities to isolate and study large numbers of progenitor cells from abortuses.  
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2.2.2.3 Haematopoietic Stem Cells (HSCs) and Mesenchymal stem cells (MSCs) from the 
bone marrow 

HSCs are committed progenitor cells of the bone marrow and can be extensively expanded 
without loss of pluripotency. The bone marrow is an important source of autologous HSCs, 
and MSCs [35, 36]. Infusion of unsorted autologous bone marrow stem cells through the 
portal vein and hepatic artery in patients with cirrhosis, showed an improvement in Child-
Pugh score and albumin levels [16, 37]. A significant increase of liver function in cirrhotic 
and hepatocellular carcinoma patients was observed following autologous bone marrow 
stem cell transplantation prior to surgery [38]. However, use of unsorted bone marrow stem 
cells or MSCs must be treated with caution as these cells can also differentiate into 
myofibroblasts which are the scar forming cells of the liver [39]. Recent data also provides 
evidence to this in a rodent model where use of whole bone marrow as cell therapy led to 
the worsening of liver fibrosis [40]. Macrophages which are the cells of haematopoietic 
origin, are known to play a critical role in regulating liver fibrosis in murine models [41] and 
a single intra-portal administration of macrophages has recently been shown to reduce 
fibrosis in a murine model of liver injury and increase regeneration [40].  

MSCs and HSCs can also be isolated from other tissues such as peripheral blood, adipose 
tissue, umbilical cord blood (UCB) and placenta [42]. Adipose tissue derived MSCs have a 
good proliferative capacity in vitro and in vivo and can differentiate into hepatic cells [43-46]. 
The placenta and UCB are also important sources of young MSCs and HSCs that can be 
obtained without invasiveness or harm to donor and provide no ethical barriers for basic 
and clinical applications [47, 48]. Recently UCB cells were used on a diverse group of end 
stage cirrhotic patients with an improvement in the life span in these patients [49] raising a 
hope on the use of these cells for liver cell therapy.  

MSCs and HSCs from all sources display a high degree of plasticity giving rise to a wide 
range of phenotypes, including hepatocyte-like cells. The low immunogenic property of 
these cells have shown promising results with the use of these cells in in vitro studies and 
clinical trials [50-55]. 

2.2.2.4 Embryonic and Induced pluripotent stem cells (iPSCs) 

Embryonic stem cells (ESCs) derived from the inner cell mass of 5-6 day old embryos have 
the advantage of being able to proliferate in an unlimited fashion and might constitute an 
easily available source to obtain a large number of transplantable cells for regenerative 
treatments. By manipulating the factors responsible for maintaining the undifferentiated 
state of these cells and by exposure to appropriate growth factors in vitro, ESCs can be 
directed towards the hepatic lineage. ESC-derived hepatocyte-like cells were able to colonize 
the injured liver and function as mature hepatocytes without teratoma formation in several 
animal models of liver disease [26, 56, 57]. Due to the propensity of these cells to form both 
malignant and non-malignant tumors, caution has to be still exerted for their use in 
transplantation. The ethical issues regarding the use of human embryonic stem cells will 
also have implications for their clinical use. 

Induced pluripotent stem cells offer a solution to this ethical concern and the risk of rejection 
related to embryonic stem cells. iPSCs are generated in vitro by genetic reprogramming of 
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studies have been reported and reviewed where regenerative cells had been infused for the 
purpose of liver therapy and many other studies are currently in progress. 

Based on the donor tissue source and the differentiation potential of cells the results on the 
therapeutic efficacy of several cell types has been described below. 

2.2.2.1 Infusion of adult hepatocytes and Bio-artificial Livers (BALs) 

Adult hepatocytes are the fully mature functional cells of the liver that are highly 
specialized with the ability to divide and are an ideal source for transplantation. Though 
hepatocyte transplantation has been recognized as an attractive option for the management 
of metabolic liver disease some 35 years ago [21], lack of availability of livers for cell 
isolation, difficulty in expansion of hepatocytes in vitro and their sensitivity to freeze-thaw 
are major limitations for their routine use in cell therapy.  

Allogeneic primary hepatocytes isolated from cadaver livers and infused via the splenic 
artery or the portal vein showed an improvement in the clinical condition [22, 23, 24]. Many 
preclinical studies and clinical applications of this technique have been made to cure 
metabolic liver disorders and end-stage liver diseases [25]. In most instances, hepatocyte 
transplantation has been able to grant a clinical improvement for up to 12 months [26].  

Implantable hepatocyte-based devices and extra corporeal liver assist devices represent 
another alternative for the treatment of end-stage liver disease [27]. BAL devices are 
intended to support the failing functions of the organ, and include both a biological 
component (parenchymal cells) and an artificial scaffold serving as an interface with patient 
blood or plasma. Two main clinical trials have evaluated the efficacy of liver assist devices 
in patients with fulminant liver failure. Owing to the difficulty in supply of human 
hepatocytes, the devices included either purified pig hepatocytes (HepatAssist) or cell lines 
derived from liver cancer cells (ELAD) [28, 29]. Both trials failed to demonstrate a beneficial 
effect on survival. In the future, such devices are likely to re-emerge as a result of new 
technologies that allow growth and differentiation of large amounts of liver cells in vitro 
from stem/precursor cells. However, BALs will have to challenge cost-effectiveness in 
comparison with more convenient artificial devices. 

2.2.2.2 HPC’s and fetal liver cells (hepatoblasts)  

Isolation, expansion and differentiation of adult HPCs to functional hepatocytes has been 
described by several workers [30, 31, 32], however identification of a specific marker of 
HPCs still remains a challenge. Clinical studies on the repopulation of the human liver by 
HPCs are still awaited. 

Compared to the adult HPCs, fetal liver progenitor cells are highly proliferative, less 
immunogenic and more resistant to cryopreservation. The human fetal liver, between 10 
and 18 weeks of gestation, contains a large number of actively dividing hepatic stem and 
progenitor cells that are termed as hepatoblasts. These are bi-potent cells , that can give rise 
to both hepatocytes and bile duct cells; they co-express hepatocyte markers (such as 
albumin, α-fetoprotein (AFP), α-1 microglobulin, glycogen, glucose-6-phosphatase (G-6-P) and 
Hep-Par-1) and biliary markers, for example, gamma glutamyl transpeptidase (GGT), 
dipeptidyl peptidase IV (DPPIV), cytokeratin (CK)-19 and Das-1-monoclonal antibody-
reactive antigen, [33, 34]. These markers are expressed throughout the second trimester and 
thus offer opportunities to isolate and study large numbers of progenitor cells from abortuses.  
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2.2.2.3 Haematopoietic Stem Cells (HSCs) and Mesenchymal stem cells (MSCs) from the 
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HSCs are committed progenitor cells of the bone marrow and can be extensively expanded 
without loss of pluripotency. The bone marrow is an important source of autologous HSCs, 
and MSCs [35, 36]. Infusion of unsorted autologous bone marrow stem cells through the 
portal vein and hepatic artery in patients with cirrhosis, showed an improvement in Child-
Pugh score and albumin levels [16, 37]. A significant increase of liver function in cirrhotic 
and hepatocellular carcinoma patients was observed following autologous bone marrow 
stem cell transplantation prior to surgery [38]. However, use of unsorted bone marrow stem 
cells or MSCs must be treated with caution as these cells can also differentiate into 
myofibroblasts which are the scar forming cells of the liver [39]. Recent data also provides 
evidence to this in a rodent model where use of whole bone marrow as cell therapy led to 
the worsening of liver fibrosis [40]. Macrophages which are the cells of haematopoietic 
origin, are known to play a critical role in regulating liver fibrosis in murine models [41] and 
a single intra-portal administration of macrophages has recently been shown to reduce 
fibrosis in a murine model of liver injury and increase regeneration [40].  

MSCs and HSCs can also be isolated from other tissues such as peripheral blood, adipose 
tissue, umbilical cord blood (UCB) and placenta [42]. Adipose tissue derived MSCs have a 
good proliferative capacity in vitro and in vivo and can differentiate into hepatic cells [43-46]. 
The placenta and UCB are also important sources of young MSCs and HSCs that can be 
obtained without invasiveness or harm to donor and provide no ethical barriers for basic 
and clinical applications [47, 48]. Recently UCB cells were used on a diverse group of end 
stage cirrhotic patients with an improvement in the life span in these patients [49] raising a 
hope on the use of these cells for liver cell therapy.  

MSCs and HSCs from all sources display a high degree of plasticity giving rise to a wide 
range of phenotypes, including hepatocyte-like cells. The low immunogenic property of 
these cells have shown promising results with the use of these cells in in vitro studies and 
clinical trials [50-55]. 

2.2.2.4 Embryonic and Induced pluripotent stem cells (iPSCs) 

Embryonic stem cells (ESCs) derived from the inner cell mass of 5-6 day old embryos have 
the advantage of being able to proliferate in an unlimited fashion and might constitute an 
easily available source to obtain a large number of transplantable cells for regenerative 
treatments. By manipulating the factors responsible for maintaining the undifferentiated 
state of these cells and by exposure to appropriate growth factors in vitro, ESCs can be 
directed towards the hepatic lineage. ESC-derived hepatocyte-like cells were able to colonize 
the injured liver and function as mature hepatocytes without teratoma formation in several 
animal models of liver disease [26, 56, 57]. Due to the propensity of these cells to form both 
malignant and non-malignant tumors, caution has to be still exerted for their use in 
transplantation. The ethical issues regarding the use of human embryonic stem cells will 
also have implications for their clinical use. 

Induced pluripotent stem cells offer a solution to this ethical concern and the risk of rejection 
related to embryonic stem cells. iPSCs are generated in vitro by genetic reprogramming of 
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adult somatic cells with certain factors, to form pluripotent stem cells with embryonic-like 
differentiation potential [58]. Hepatocytes derived from iPS cells have a reasonable synthetic 
and metabolic capacity [59], and seem to be similar to cells derived from ES cells [60-62]. 
However, the same concerns of tumor formation or reversion to more primitive state with 
uncontrolled expansion within the recipient still remain. In spite of these limitations iPS-
derived hepatocytes are a very promising population for cell therapies in hepatology.  

3. Management of end stage liver disease with fetal liver cells 
Hepatic progenitors derived from the livers of electively aborted fetuses of 5 to 20 weeks 
gestation are generally designated as “multipotent.” Fetal cells seem to have an edge over 
embryonic stem cells in that, being less versatile, they may not form teratomas and exhibit 
an important property of being less immunogenic by the little to no expression of the Class 
II HLA marker on their surface, which otherwise can trigger a rejection reaction [63]. Thus, 
tissue matching that is a prime requirement in blood transfusions, organ transplants, and 
allogenic adult stem cell transplantation is not necessary when transplanting these cells.  

3.1 Hepatic progenitors in developing liver  

The developing human (and also murine) liver during early to mid gestation has been 
shown to comprise stem and progenitor cells that can give rise to the different adult cell 
types. The developmental plasticity of fetal liver parenchymal cells, at this stage of organ 
development, makes them a very good source for cell therapy. During the first trimester of 
fetal development, the liver serves as the site for hematopoiesis and later during the mid-
gestation the hematopoietic cells migrate to the bone marrow and the liver starts functioning 
primarily as a hepatic organ (Figure 1). In the first trimester, human fetal liver is the site of 
synthesis of progenitor and stem cells of many lineages but during the second trimester, 
markers for hepatoblasts continue to be expressed but the expression of markers for other 
lineages is reduced [63, 64]. This offers an opportunity to isolate and study large numbers of 
hepatic progenitor cells without haematopoietic potential during the second trimester of 
gestation. It is interesting that hepatic progenitor cells isolated from human fetal liver 
proliferate for several months and retained their normal karyotypes, thereby indicating a 
strong telomerase activity in them [65].  

3.1.1 Cell surface and intracellular markers for progenitor cells 

Many different markers have been used for the identification of progenitor cells. Bi-potential 
progenitors have been isolated from fetal mouse liver in a number of studies. Petersen et al 
have established that a Thy-1+ve cell population within the rat fetal liver also expressed CK-
18, a hepatocyte marker [66]. Hepatic progenitor cells have also been reported to express c-
kit, a hepatic stem cell marker, along with CD34 and Thy-1 [67]. In a study from our lab, 
CD34 cells from human fetal liver were found to be expressing hepatic and biliary markers 
as well [64]. In another study with human fetal liver cells, Thy-1+ (a haematopoietic marker) 
cell populations were isolated that were found to be positive for progenitor (CD34, c-kit, 
CK14, M2PK, OV6), biliary (CK19) and hepatic (HepPar1) markers, revealing their 
progenitor as well as hepatic and biliary nature [68]. Expression of these specific markers by 
each cell type is used for the isolation of progenitor cells. 
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Fig. 1. Transition of cells during liver development 

Obtaining good quality and quantity of fetal progenitor cells is very important to ensure 
repopulation of the liver upon transfusion of these cells. Care must be ensured at every step 
of tissue collection, isolation of progenitor cells and transfusion of the cells in order to study 
the efficiency of these cells in treating liver diseases. Some of the important challenges and 
procedures in these approaches are discussed below. 

3.2 Ethical and logistic challenges in obtaining human fetal tissues 

The use of human fetal tissues for preclinical or clinical work is always controversial due to 
religious and ethical issues. The main challenge is the procurement of fetal tissue, therefore 
the first important step is to identify a maternity/obstetric hospital/department willing to 
donate aborted fetuses of known gestation period and acceptable medical history for 
research in good clinical grade condition. The following measures need to be ensured for 
collection and use of fetal material: 

a. Ethical clearance: Clearances to work with human fetal material must be obtained from 
the hospital and the research institute’s ethical committee where the fetal cells would be 
isolated and processed, prior to beginning of the work.  

b. Informed consent: The mother must be properly informed of the procedure and the 
written consent must be obtained for the donation prior to the abortion. The process of 
abortion and donation must be maintained as separate procedures to ensure that the 
fetus is donated voluntarily and no financial gain is involved in the process.  

c. Screening procedures: All donors of the fetus must be serologically screened for 
syphilis, toxoplasmosis, rubella, hepatitis B and C, human immunodeficiency virus 1, 
cytomegalovirus, parvovirus, and herpes simplex types 1 and 2. 

d. Gestational age: The gestational age of the fetus is very important and should not cross 
the second trimester of gestation. The sample should preferably be chosen from an 
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adult somatic cells with certain factors, to form pluripotent stem cells with embryonic-like 
differentiation potential [58]. Hepatocytes derived from iPS cells have a reasonable synthetic 
and metabolic capacity [59], and seem to be similar to cells derived from ES cells [60-62]. 
However, the same concerns of tumor formation or reversion to more primitive state with 
uncontrolled expansion within the recipient still remain. In spite of these limitations iPS-
derived hepatocytes are a very promising population for cell therapies in hepatology.  

3. Management of end stage liver disease with fetal liver cells 
Hepatic progenitors derived from the livers of electively aborted fetuses of 5 to 20 weeks 
gestation are generally designated as “multipotent.” Fetal cells seem to have an edge over 
embryonic stem cells in that, being less versatile, they may not form teratomas and exhibit 
an important property of being less immunogenic by the little to no expression of the Class 
II HLA marker on their surface, which otherwise can trigger a rejection reaction [63]. Thus, 
tissue matching that is a prime requirement in blood transfusions, organ transplants, and 
allogenic adult stem cell transplantation is not necessary when transplanting these cells.  

3.1 Hepatic progenitors in developing liver  

The developing human (and also murine) liver during early to mid gestation has been 
shown to comprise stem and progenitor cells that can give rise to the different adult cell 
types. The developmental plasticity of fetal liver parenchymal cells, at this stage of organ 
development, makes them a very good source for cell therapy. During the first trimester of 
fetal development, the liver serves as the site for hematopoiesis and later during the mid-
gestation the hematopoietic cells migrate to the bone marrow and the liver starts functioning 
primarily as a hepatic organ (Figure 1). In the first trimester, human fetal liver is the site of 
synthesis of progenitor and stem cells of many lineages but during the second trimester, 
markers for hepatoblasts continue to be expressed but the expression of markers for other 
lineages is reduced [63, 64]. This offers an opportunity to isolate and study large numbers of 
hepatic progenitor cells without haematopoietic potential during the second trimester of 
gestation. It is interesting that hepatic progenitor cells isolated from human fetal liver 
proliferate for several months and retained their normal karyotypes, thereby indicating a 
strong telomerase activity in them [65].  

3.1.1 Cell surface and intracellular markers for progenitor cells 

Many different markers have been used for the identification of progenitor cells. Bi-potential 
progenitors have been isolated from fetal mouse liver in a number of studies. Petersen et al 
have established that a Thy-1+ve cell population within the rat fetal liver also expressed CK-
18, a hepatocyte marker [66]. Hepatic progenitor cells have also been reported to express c-
kit, a hepatic stem cell marker, along with CD34 and Thy-1 [67]. In a study from our lab, 
CD34 cells from human fetal liver were found to be expressing hepatic and biliary markers 
as well [64]. In another study with human fetal liver cells, Thy-1+ (a haematopoietic marker) 
cell populations were isolated that were found to be positive for progenitor (CD34, c-kit, 
CK14, M2PK, OV6), biliary (CK19) and hepatic (HepPar1) markers, revealing their 
progenitor as well as hepatic and biliary nature [68]. Expression of these specific markers by 
each cell type is used for the isolation of progenitor cells. 
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Fig. 1. Transition of cells during liver development 

Obtaining good quality and quantity of fetal progenitor cells is very important to ensure 
repopulation of the liver upon transfusion of these cells. Care must be ensured at every step 
of tissue collection, isolation of progenitor cells and transfusion of the cells in order to study 
the efficiency of these cells in treating liver diseases. Some of the important challenges and 
procedures in these approaches are discussed below. 

3.2 Ethical and logistic challenges in obtaining human fetal tissues 

The use of human fetal tissues for preclinical or clinical work is always controversial due to 
religious and ethical issues. The main challenge is the procurement of fetal tissue, therefore 
the first important step is to identify a maternity/obstetric hospital/department willing to 
donate aborted fetuses of known gestation period and acceptable medical history for 
research in good clinical grade condition. The following measures need to be ensured for 
collection and use of fetal material: 

a. Ethical clearance: Clearances to work with human fetal material must be obtained from 
the hospital and the research institute’s ethical committee where the fetal cells would be 
isolated and processed, prior to beginning of the work.  

b. Informed consent: The mother must be properly informed of the procedure and the 
written consent must be obtained for the donation prior to the abortion. The process of 
abortion and donation must be maintained as separate procedures to ensure that the 
fetus is donated voluntarily and no financial gain is involved in the process.  

c. Screening procedures: All donors of the fetus must be serologically screened for 
syphilis, toxoplasmosis, rubella, hepatitis B and C, human immunodeficiency virus 1, 
cytomegalovirus, parvovirus, and herpes simplex types 1 and 2. 

d. Gestational age: The gestational age of the fetus is very important and should not cross 
the second trimester of gestation. The sample should preferably be chosen from an 
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elective abortion in order to ensure that the tissue is intact and must be collected 
immediately after the procedure and stored in cold conditions. 

e. Transportation of fetal material: Once the tissue is collected it must be stored in a clean 
sterile container with controlled temperature to ensure that the cells are not affected 
with the temperature changes during the transport. The tissue must be transported to 
the processing lab as quickly as possible maintaining proper sterile procedures. The 
cells must be isolated in clean sterile conditions within a maximum of 4 hours of the 
abortion. If the cells are to be used immediately for transfusion then the processed cells 
must be enumerated and transported to the hospital in sterile vials ensuring proper 
temperature conditions. 

f. Storage of cells: The cells that would not be used immediately should be enumerated 
and stored with a safe cryo preservative such as DMSO in liquid nitrogen until further 
use. The viability of the cells during the freeze thaw must be checked before the frozen 
cells are used for transfusion.  

3.3 Preparation of cells from human fetal tissue for therapeutic use: 

Once a fetus of the appropriate gestation age is obtained in good medical condition, cell 
isolation should be done within 4 hours in order to obtain good viability of cells. Two main 
steps are involved in this process: (a) Isolation of total viable cells from the liver, and (b) 
enrichment of progenitor cells suitable for transfusion. 

3.3.1 Isolation of viable liver cells 

The cells in the liver tissue are connected by intercellular connections and tight junctions 
embedded in an ECM that needs to be disrupted or dissolved for single cell isolation. Three 
different approaches for isolating viable liver cells with some modifications are principally 
used: 

1. Mechanical dispersion using partial homogenization and forcing the liver tissue 
through steel meshes [69]. 

2. The second method of hepatocyte isolation includes removal of calcium and potassium 
from liver by perfusion and reverse perfusion with calcium binding agent like citrate, 
Ethylene diamine tetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), tetra 
phenyl borate (TBP), pyrophosphate, versine and ATP in calcium free Locke’s solution 
as a sole means of separating intracellular spaces [70, 71]. 

3. The third method involves the dissolution of intracellular junctions by using proteolytic 
and matrix dissolving enzymes like trypsin, papain, lysozyme, neuraminidase and 
pepsin [72, 73]. 

4. Recently a new protocol for efficient and quick isolation of fetal liver cells from 18-24 
weeks of gestation was developed. The protocol involved a 5 step portal vein in situ 
liver perfusion technique using both EGTA and limited exposure to collagenase that 
resulted in a greater and efficient cell yield [74].  

The human fetal liver cells thus isolated can be used as such for treatment of liver failure in 
model animals and even in experimental clinical trials or can be enriched further for specific 
progenitor cells. 

Cell Based Therapy for Chronic Liver Disease:  
Role of Fetal Liver Cells in Restoration of the Liver Cell Functions 225 

3.3.2 Enrichment of progenitor cells  

The total liver cells that are isolated are a mixture of different population of cells from which 
the progenitor cells are isolated based on their specific properties by using any of the 
following enrichment methods. However the method of using the surface markers for 
enrichment is more efficient in specifically selecting progenitor cells.  

a. Enrichment based on size and density: Cells of a particular lineage or function have a 
specific size and mass and this property has been used to separate out desired 
population of cells from a mixture of cells. Several investigators have used physical 
methods like density gradient centrifugation and counter flow centrifugation elutriation 
methods for the enrichment of the hepatic progenitors. Yaswen et al., demonstrated the 
enrichment of hepatic oval cells (hepatic progenitor) using Centrifugal elutriation 
(Beckman Instruments, Palo Alto, Calif.) of the cell suspension [75]. Enriched fraction 
was characterized histochemically for gamma-glutamyl transpeptidase, peroxidase, 
alkaline phosphatase, glucose-6-phosphatase activities, albumin and alpha-fetoprotein 
by immunocytochemical methods [75]. 

b. Enrichment based on surface markers: The enrichment of cells can be achieved by 
using surface markers specifically expressed by the progenitor cells. The process uses 
antibody specific for the surface marker and separation is achieved by either 
magnetically tagged (MACS) or fluorescently tagged (FACS) antibodies. In our 
experience, though FACS is more sensitive for enriching a specific cell type based on 
the marker expression, the cell yield is not very efficient. Hence enrichment using 
MACS is more efficient in giving a good yield of the desired population of cells. 
Studies with human livers have shown that Epithelial cell adhesion molecule (EpCAM) 
is expressed by hepatic stem cells, hepatoblasts and committed progenitors but not 
expressed in mature hepatocytes [76, 77]. Thus, sorting for EpCAM results in only 
progenitor cells but in distinct ratios of hepatic stem cells to hepatoblasts depending 
upon whether the tissue is fetal, neonatal, or adult. In our recent study we have also 
enriched the hepatic progenitors using EpCAM and further characterized using liver 
specific and stem cell markers such as CD29, CD90, CD49f, CD34 and we found that 
EpCAM +ve cells expressed intermediate levels HLA class I but no HLA class II. Our 
study demonstrated the usefulness of EpCAM as a novel surface marker for enrichment 
of hepatic progenitors [63]. Earlier we have also used CD34+/CD45- as one the marker 
for the hepatic progenitors [64]. 

c. Separation based on Functional markers: Certain types of cells express functional 
receptors on their surface, which transport molecules out of the cells. One such 
transport protein is the ATP-binding cassette sub-family G member 2 (ABCG2) 
transporter protein that specifically excludes the Hoechst dye. Separation of progenitor 
cells can be achieved using this functional marker where the cells specifically exclude 
the Hoechst dye [78, 79]. 

3.3.3 Characterization of liver progenitors 

The enriched progenitor cells must be further characterized for the expression of hepatic 
and biliary markers by using methods such as flow cytometry, immune histochemistry and 
RT-PCR. Hepatic progenitor cells express many markers that are similar to hepatocytes or 
bile duct cells, and also share some of the haematopoietic markers, AFP, certain keratin 
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cells are used for transfusion.  
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steps are involved in this process: (a) Isolation of total viable cells from the liver, and (b) 
enrichment of progenitor cells suitable for transfusion. 
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The cells in the liver tissue are connected by intercellular connections and tight junctions 
embedded in an ECM that needs to be disrupted or dissolved for single cell isolation. Three 
different approaches for isolating viable liver cells with some modifications are principally 
used: 

1. Mechanical dispersion using partial homogenization and forcing the liver tissue 
through steel meshes [69]. 

2. The second method of hepatocyte isolation includes removal of calcium and potassium 
from liver by perfusion and reverse perfusion with calcium binding agent like citrate, 
Ethylene diamine tetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA), tetra 
phenyl borate (TBP), pyrophosphate, versine and ATP in calcium free Locke’s solution 
as a sole means of separating intracellular spaces [70, 71]. 

3. The third method involves the dissolution of intracellular junctions by using proteolytic 
and matrix dissolving enzymes like trypsin, papain, lysozyme, neuraminidase and 
pepsin [72, 73]. 

4. Recently a new protocol for efficient and quick isolation of fetal liver cells from 18-24 
weeks of gestation was developed. The protocol involved a 5 step portal vein in situ 
liver perfusion technique using both EGTA and limited exposure to collagenase that 
resulted in a greater and efficient cell yield [74].  

The human fetal liver cells thus isolated can be used as such for treatment of liver failure in 
model animals and even in experimental clinical trials or can be enriched further for specific 
progenitor cells. 
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3.3.2 Enrichment of progenitor cells  

The total liver cells that are isolated are a mixture of different population of cells from which 
the progenitor cells are isolated based on their specific properties by using any of the 
following enrichment methods. However the method of using the surface markers for 
enrichment is more efficient in specifically selecting progenitor cells.  

a. Enrichment based on size and density: Cells of a particular lineage or function have a 
specific size and mass and this property has been used to separate out desired 
population of cells from a mixture of cells. Several investigators have used physical 
methods like density gradient centrifugation and counter flow centrifugation elutriation 
methods for the enrichment of the hepatic progenitors. Yaswen et al., demonstrated the 
enrichment of hepatic oval cells (hepatic progenitor) using Centrifugal elutriation 
(Beckman Instruments, Palo Alto, Calif.) of the cell suspension [75]. Enriched fraction 
was characterized histochemically for gamma-glutamyl transpeptidase, peroxidase, 
alkaline phosphatase, glucose-6-phosphatase activities, albumin and alpha-fetoprotein 
by immunocytochemical methods [75]. 

b. Enrichment based on surface markers: The enrichment of cells can be achieved by 
using surface markers specifically expressed by the progenitor cells. The process uses 
antibody specific for the surface marker and separation is achieved by either 
magnetically tagged (MACS) or fluorescently tagged (FACS) antibodies. In our 
experience, though FACS is more sensitive for enriching a specific cell type based on 
the marker expression, the cell yield is not very efficient. Hence enrichment using 
MACS is more efficient in giving a good yield of the desired population of cells. 
Studies with human livers have shown that Epithelial cell adhesion molecule (EpCAM) 
is expressed by hepatic stem cells, hepatoblasts and committed progenitors but not 
expressed in mature hepatocytes [76, 77]. Thus, sorting for EpCAM results in only 
progenitor cells but in distinct ratios of hepatic stem cells to hepatoblasts depending 
upon whether the tissue is fetal, neonatal, or adult. In our recent study we have also 
enriched the hepatic progenitors using EpCAM and further characterized using liver 
specific and stem cell markers such as CD29, CD90, CD49f, CD34 and we found that 
EpCAM +ve cells expressed intermediate levels HLA class I but no HLA class II. Our 
study demonstrated the usefulness of EpCAM as a novel surface marker for enrichment 
of hepatic progenitors [63]. Earlier we have also used CD34+/CD45- as one the marker 
for the hepatic progenitors [64]. 

c. Separation based on Functional markers: Certain types of cells express functional 
receptors on their surface, which transport molecules out of the cells. One such 
transport protein is the ATP-binding cassette sub-family G member 2 (ABCG2) 
transporter protein that specifically excludes the Hoechst dye. Separation of progenitor 
cells can be achieved using this functional marker where the cells specifically exclude 
the Hoechst dye [78, 79]. 

3.3.3 Characterization of liver progenitors 

The enriched progenitor cells must be further characterized for the expression of hepatic 
and biliary markers by using methods such as flow cytometry, immune histochemistry and 
RT-PCR. Hepatic progenitor cells express many markers that are similar to hepatocytes or 
bile duct cells, and also share some of the haematopoietic markers, AFP, certain keratin 
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markers [e.g., cytokeratin 19 (CK 19)], and Gamma glutamyl transpeptidase (GGT) [80]. In 
our study, fetal progenitor cells enriched with EpCAM marker were further characterized 
for the expression of liver epithelial markers (CK18), biliary specific marker (CK19) and 
hepatic markers (albumin, AFP) by RT-PCR. FACS indicated that the cells were positive for 
CD29, CD49f, CD90, CD34, albumin and AFP and negative for HLA class II and CD45. 
Immunocytochemical staining confirmed the expression of CK18 and albumin [63]. In a 
study by Lie et al., epithelial progenitor cells from human fetal livers were isolated by cell 
culture and characterized for their expression of liver epithelial markers (cytokeratin [CK8 
and CK18) and biliary-specific markers (CK7 and CK19) by real time PCR. FACS analysis 
was used to confirm the expression of hepatic markers such as CD117, CD147, CD90, CD44, 
and absence of hematopoietic markers such as CD34 and CD45. Hepatic differentiation 
potential of these cells was also confirmed both in vitro and in vivo [81].  

3.4 Treatment of patients with human fetal liver derived cells 

Treatment of patients with fetal cells is slowly gaining its importance in the field of cell 
therapy with encouraging outcomes and improvements in the clinical conditions. However, 
the success of such procedures is largely dependent on several factors such as age of the 
patient, type and stage of the disease progression and the route and site of cell injection 
chosen. Each of these factors are variable for every patient and must be chosen carefully 
before administering the cells. Some of these factors and the success of the treatment 
procedures are discussed below: 

3.4.1 Categories of patients selected for treatment with fetal cells 

Several end stage liver diseases have been treated by liver cell based therapy with different 
degrees of success; a summary of these findings so far, is given below 

1. Acute liver failure is characterized by loss of liver cells leading to encephalopathy. Initial 
study by Habibullah et al., showed that fetal hepatocyte transplantation may be beneficial 
in patients with ALF in grade III or IV encephalopathy [82]. Also, the transplanted 
hepatocytes may proliferate under the influence of hepatotropic factors thereby increasing 
their total metabolic and detoxifying capacity. In another study five patients comatose 
with acute liver failure received transplantation of 1.3×109 to 3.9×1010 cryopreserved 
hepatocytes through intrasplenic and intraportal infusion and three patients showed 
improved result in encephalopathy score and some liver functions [83]. At our centre we 
have also performed intra-peritoneal transplantation of hepatocytes in a 26 yr old acute 
fatty liver of a pregnant patient who recovered within two days of transplantation [84].  

2. Metabolic Liver Disease Hepatocyte transplantation into the liver corrected deficiency. 
In a landmark trial a child with Crigler-Najjar type I, suffering from dangerous hyper 
bilirubinaemia, was given 7.5x109 allogenic donor hepatocytes by infusion via portal 
vein catheter [85]. This procedure resulted in reduction of serum bilirubin levels. 
Recently, in our study on Crigler-Najjar type I syndrome the patient treated with fetal 
liver derived hepatic progenitors showed a decrease in the total bilirubin and increase 
in the conjugated bilirubin [86]. Hepatocyte transplantation in a 4 year old patient with 
infantile Refsum disease led to partial clearance of abnormal bile acids with pipecholic 
acid being reduced to 60 per cent of pre-transplantation levels. The child was able to 
stand and walk 6 months after hepatocyte transplantation [87]. 
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3. Cirrhosis of liver This category of liver disease is more appropriate for cell therapy and 
efficacy of various sources of cells has been demonstrated. Late stage progressive 
hepatic fibrosis characterized by distortion of hepatic architecture, necrosis of 
hepatocyte and formation of regenerative nodules leads to cirrhosis. Cell based therapy 
is emerging as an efficient method of treatment in the management of decompensated 
liver cirrhosis [88]. Treatment of liver cirrhosis using different sources of cells has been 
used by several investigators. Procedure and results of these studies has been discussed 
in section 3.4.3. 

3.4.2 Infusion of cells into patients 

The survival, proliferation and engraftment of transplanted/infused therapeutic fetal cells 
are critically dependent on the route of cell delivery and the physiological condition of site 
of transplantation. The most appropriate site of transplantation is directly into the liver, 
however because of some limitations of the clinical conditions, several ectopic sites such as 
the peritoneum, spleen also have been attempted. 

3.4.2.1 Sites and routes for cell infusion/transplantation 

Several routes to deliver the cells into the liver have been used with varying degrees of 
success. Cells for transplantation have usually been delivered to liver through hepatic artery 
[89] or through portal vein [90]. (The different routes for cell infusion are schematically 
depicted in figure 2). 

a. Hepatic artery: Hepatic artery can be accessed through trans femoral, trans radial, trans 
brachial. In our experience hepatic artery route is more convenient compared to hepatic 
portal vein [91]. Though highly efficient, direct deliveries into liver might pose the risk 
of occlusion and in certain cases fibrosis, due to portal hypertension and embolism of 
cells. 

b. Portal Vein: Portal vein can be accessed by percutaneous trans hepatic approach or 
trans jugular approach. The hepatic portal vein drains blood from the gastrointestinal 
tract and spleen into the liver. It is more often used compared to the hepatic artery 
because multiple vascular accesses are more practical through the vein. However the 
limitations of being a major procedure and the risk of bleeding must be considered for 
using the trans-jugular approach for delivery of cells through portal vein 
Accessing portal vein through percutaneous trans-hepatic approach is difficult in the 
presence of ascites which is a common clinical problem in the end stage of liver disease.  

c. Splenic Approach: The most appropriate ectopic site is the splenic pulp within the 
spleen. Spleen has a rich blood supply which is accessible to hepatic portal circulation, 
leading to the translocation of the transplanted cells to the hepatic sinusoids. Direct 
intrasplenic injection was suggested as a better method to transplant hepatocytes 
compared to the splenic artery infusion, since the latter led to vascular occlusion with 
hepatocytes, gastric erosion, and large areas of splenic necrosis [92]. In a recent study 
fetal cells were transplanted in a patient with end stage cirrhosis via the intrasplenic 
infusion through the splenic artery leading to improvement in the clinical condition 
[74]. Studies have demonstrated that after injection into the splenic pulp, most 
hepatocytes immediately translocate to splenic veins and then to hepatic sinusoids, 
although hepatocytes trapped in splenic sinusoids may engraft in the spleen itself [93]. 
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markers [e.g., cytokeratin 19 (CK 19)], and Gamma glutamyl transpeptidase (GGT) [80]. In 
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and CK18) and biliary-specific markers (CK7 and CK19) by real time PCR. FACS analysis 
was used to confirm the expression of hepatic markers such as CD117, CD147, CD90, CD44, 
and absence of hematopoietic markers such as CD34 and CD45. Hepatic differentiation 
potential of these cells was also confirmed both in vitro and in vivo [81].  

3.4 Treatment of patients with human fetal liver derived cells 

Treatment of patients with fetal cells is slowly gaining its importance in the field of cell 
therapy with encouraging outcomes and improvements in the clinical conditions. However, 
the success of such procedures is largely dependent on several factors such as age of the 
patient, type and stage of the disease progression and the route and site of cell injection 
chosen. Each of these factors are variable for every patient and must be chosen carefully 
before administering the cells. Some of these factors and the success of the treatment 
procedures are discussed below: 

3.4.1 Categories of patients selected for treatment with fetal cells 

Several end stage liver diseases have been treated by liver cell based therapy with different 
degrees of success; a summary of these findings so far, is given below 

1. Acute liver failure is characterized by loss of liver cells leading to encephalopathy. Initial 
study by Habibullah et al., showed that fetal hepatocyte transplantation may be beneficial 
in patients with ALF in grade III or IV encephalopathy [82]. Also, the transplanted 
hepatocytes may proliferate under the influence of hepatotropic factors thereby increasing 
their total metabolic and detoxifying capacity. In another study five patients comatose 
with acute liver failure received transplantation of 1.3×109 to 3.9×1010 cryopreserved 
hepatocytes through intrasplenic and intraportal infusion and three patients showed 
improved result in encephalopathy score and some liver functions [83]. At our centre we 
have also performed intra-peritoneal transplantation of hepatocytes in a 26 yr old acute 
fatty liver of a pregnant patient who recovered within two days of transplantation [84].  

2. Metabolic Liver Disease Hepatocyte transplantation into the liver corrected deficiency. 
In a landmark trial a child with Crigler-Najjar type I, suffering from dangerous hyper 
bilirubinaemia, was given 7.5x109 allogenic donor hepatocytes by infusion via portal 
vein catheter [85]. This procedure resulted in reduction of serum bilirubin levels. 
Recently, in our study on Crigler-Najjar type I syndrome the patient treated with fetal 
liver derived hepatic progenitors showed a decrease in the total bilirubin and increase 
in the conjugated bilirubin [86]. Hepatocyte transplantation in a 4 year old patient with 
infantile Refsum disease led to partial clearance of abnormal bile acids with pipecholic 
acid being reduced to 60 per cent of pre-transplantation levels. The child was able to 
stand and walk 6 months after hepatocyte transplantation [87]. 
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3. Cirrhosis of liver This category of liver disease is more appropriate for cell therapy and 
efficacy of various sources of cells has been demonstrated. Late stage progressive 
hepatic fibrosis characterized by distortion of hepatic architecture, necrosis of 
hepatocyte and formation of regenerative nodules leads to cirrhosis. Cell based therapy 
is emerging as an efficient method of treatment in the management of decompensated 
liver cirrhosis [88]. Treatment of liver cirrhosis using different sources of cells has been 
used by several investigators. Procedure and results of these studies has been discussed 
in section 3.4.3. 

3.4.2 Infusion of cells into patients 

The survival, proliferation and engraftment of transplanted/infused therapeutic fetal cells 
are critically dependent on the route of cell delivery and the physiological condition of site 
of transplantation. The most appropriate site of transplantation is directly into the liver, 
however because of some limitations of the clinical conditions, several ectopic sites such as 
the peritoneum, spleen also have been attempted. 

3.4.2.1 Sites and routes for cell infusion/transplantation 

Several routes to deliver the cells into the liver have been used with varying degrees of 
success. Cells for transplantation have usually been delivered to liver through hepatic artery 
[89] or through portal vein [90]. (The different routes for cell infusion are schematically 
depicted in figure 2). 

a. Hepatic artery: Hepatic artery can be accessed through trans femoral, trans radial, trans 
brachial. In our experience hepatic artery route is more convenient compared to hepatic 
portal vein [91]. Though highly efficient, direct deliveries into liver might pose the risk 
of occlusion and in certain cases fibrosis, due to portal hypertension and embolism of 
cells. 

b. Portal Vein: Portal vein can be accessed by percutaneous trans hepatic approach or 
trans jugular approach. The hepatic portal vein drains blood from the gastrointestinal 
tract and spleen into the liver. It is more often used compared to the hepatic artery 
because multiple vascular accesses are more practical through the vein. However the 
limitations of being a major procedure and the risk of bleeding must be considered for 
using the trans-jugular approach for delivery of cells through portal vein 
Accessing portal vein through percutaneous trans-hepatic approach is difficult in the 
presence of ascites which is a common clinical problem in the end stage of liver disease.  

c. Splenic Approach: The most appropriate ectopic site is the splenic pulp within the 
spleen. Spleen has a rich blood supply which is accessible to hepatic portal circulation, 
leading to the translocation of the transplanted cells to the hepatic sinusoids. Direct 
intrasplenic injection was suggested as a better method to transplant hepatocytes 
compared to the splenic artery infusion, since the latter led to vascular occlusion with 
hepatocytes, gastric erosion, and large areas of splenic necrosis [92]. In a recent study 
fetal cells were transplanted in a patient with end stage cirrhosis via the intrasplenic 
infusion through the splenic artery leading to improvement in the clinical condition 
[74]. Studies have demonstrated that after injection into the splenic pulp, most 
hepatocytes immediately translocate to splenic veins and then to hepatic sinusoids, 
although hepatocytes trapped in splenic sinusoids may engraft in the spleen itself [93]. 
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Fig. 2. Different routes for cell infusion  

3.4.3 Efficacy and safety evaluation 

The safety and efficacy of the fetal and other cell based treatment of end stage liver disease 
need to be constantly evaluated and revised as per the new protocols as they become 
available. Comparison of the different cell types and the routes of cell delivery has provided 
different alternatives for treatment of this disease. For example, our group demonstrated the 
efficacy of fetal hepatic progenitor cells, delivered through the hepatic artery in 25 cases of 
de-compensated liver cirrhosis, resulting in significant clinical improvement in more than 80 
% cases. The hepatic angiogram showed no sign of thrombosis/narrowing/ischemia in the 
hepatic artery when analyzed after successive time intervals (Figure 3) [91].  

Further data on immune status of allogenic transplantation of human fetal derived 
progenitors showed no significant changes in the immune status (T cells, NK cells, and 
Cytokines). The availability of long-term (> 3 years) follow-up data further confirms the 
safety and efficacy of this therapy. None of the patients recruited in this study developed 
any procedure/therapy related complications as demonstrated by liver angiograms that 
were taken pre- and post-transplantation of cells. In another study from our lab [86], 
infusion of bone marrow derived CD34+ cells in 5 cases by the same route also showed 
good outcomes in a 6 month follow up.  
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Fig. 3. Comparison of First and second Hepatic arteriogram following administration of 
Hepatic Progenitor cells to patient with Liver Cirrhosis (Khan et al., 2010) 

Several studies have demonstrated the presence of cells of bone marrow origin in the human 
liver. This was elegantly demonstrated with bone marrow transplantation in female patients 
who received bone marrow from male donors and were found to be carrying Y-
chromosome- and CK8- positive hepatocytes, thus, suggesting that extrahepatic stem cells 
can engraft in the liver [94]. An improvement of liver function and hepatocyte production 
was seen in nine patients with liver cirrhosis after the infusion of bone marrow cells through 
peripheral vein [37]. In another study, 2 patients with alcoholic- induced liver cirrhosis were 
treated with autologous mobilised HSCs [95]. In a study on 10 patients with chronic end-stage 
liver disease transplantation of committed progenitor cells and no bone marrow cells via the 
hepatic artery, showed an improvement in liver function [96]. A significant clinical 
improvement in the liver function, and Child-Pugh Score was seen in ten patients with 
advanced liver cirrhosis due to hepatitis B infection following autologous bone marrow 
infusion [97]. Pai et al., reported a study where autologous expanded mobilised adult bone 
marrow CD34+ cells were administered via the hepatic artery in 9 patients with alcoholic 
liver cirrhosis. Significant decrease in serum bilirubin, ALT, and AST levels were observed, 
whilst the Child-Pugh Scores and radiological ascites improved in 7 and 5 patients, 
respectively [98]. 

3.4.4 Tracking and monitoring the fate of transplanted cells  

One of the major problems facing the delivery and monitoring of cell transplants is their 
noninvasive in vivo visualization. Tracking of transplanted cells is a very challenging area of 
cell based therapy. Monitoring transplanted cells becomes imperative in order to understand 
the route of migration of cells upon injection. It is important that the cells do not enter the 
pulmonary capillaries as this could lead to complications. In deciding choice of the tracking 
agent the primary points to be considered are safety of the tracking agent upon administration 
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and the duration that the tracking agent can provide signals to be able to track the cells. The 
tracking agent must not cause any effects to the viability or multiplication of the transplanted 
cells. Though multiple studies have used various biomarkers in pre-clinical studies, their 
feasibility in human clinical studies warrants further validation. 

In one of our clinical studies, tracking of the cells labeled with Tc-HM-PAO was done after 
cells were infused through hepatic artery (Figure 4). Hepatic scintiography showed that 
transplanted human fetal hepatic progenitor cells homed in the total lobes of liver with a 
high rate of engraftment, thereby again reiterating the effectiveness of hepatic artery in the 
cell delivery. No other clinical complications were observed during and after 6 months of 
follow-up [91]. 

 
Fig. 4. Tc 99m HMPAO Progenitor cell labeling (Khan et al., 2010) 

4. Basic studies in animal models to monitor the progression of the disease 
and treatment 
Over the last decade several advancements have been made in the area of liver disease 
management. Further research is required to improvise the tissue imaging methods and 
new technologies are needed to monitor the fate of the cells that are injected. Animal models 
serve as efficient systems to study these methodologies. 

4.1 Non-invasive monitoring of the transplanted cells 

Monitoring the fate of transplanted cells over time is important to understand the route of 
cells migration and also to evaluate the efficacy of the transplanted cells. Several different 
methods based on magnetic, fluorescence or radio imaging are currently being evaluated for 
their efficiency in detecting transplanted cells. Though some of the methods are currently 
being used in clinical settings majority are still in the preclinical stages.  
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4.1.1 Radionuclide imaging  

Radionuclide imaging is a very sensitive method that utilizes radio labeled markers for 
detection of cells. Single photon emission computed tomography (SPECT) and positron 
emission tomography (PET), allow the imaging of radio labeled markers and their 
interaction with biochemical processes in living subjects. SPECT provides the advantages of 
cell quantification, and lower background signals, but also has disadvantage of a lower 
spatial resolution compared with MRI and optical imaging [99]. 

PET is more sensitive than SPECT and permits more accurate quantification of cell numbers. 
Long term expression of reporter genes such as herpes simplex type 1 thymidine kinase 
(HSV1-tk) for PET imaging is more beneficial than direct and indirect labeling as the cells 
divide and increase the signal and is also indicative of viability of the cells [100, 101]. The 
use of reporter gene imaging is currently limited only to animal model studies and needs 
further validation for its use in clinical settings. 

Using radiolabeling the organ bio distribution of human adult hepatocytes and fetal liver 
cells upon transplantation, was studied in NOD/SCID mice. The cells were labelled with 
indium-111 (111In)-oxine and technetium-99m (99mTc)-Ultratag or 99mTc-Ceretec and 
injected via the intrasplenic or intraportal routes. The adult hepatocytes and fetal liver 
stem/progenitor cells incorporated 111In but not 99mTc labels and the tracking of the cells 
confirmed that the cells were retained in the liver and spleen without translocating into 
pulmonary or systemic circulations [93].  

4.1.2 Magnetic Resonance Imaging (MRI)  

MRI provides a high spatial and temporal resolution in monitoring the distribution, 
migration, survival and differentiation of the transplanted cells in animals over weeks, in 
vivo. Cells are labeled in advance with contrast agents such as gadolinium-
diethylenetriamine penta-acetic acid (Gd-DTPA) for short-term monitoring for upto a week, 
or superparamagnetic iron oxide (SPIO) for long-term monitoring (reviewed in [102]). Since 
these contrast agents are exogenous and are often degraded, efforts to develop suitable 
reporter genes such as the transferrin receptor (TfR) gene that is highly expressed on the 
target cell membrane have been done for years, however the field is still in its early stage 
[103, 104]. The major limitation with MRI is the inability to distinguish viable from 
nonviable cells or proliferating from non-proliferating cell populations. Further it also, 
cannot distinguish iron-labeled cells from free iron released upon cell death, therefore, iron 
particle labeling should better be looked as a marker for high-resolution detection of cell 
location rather than monitoring cell viability in MRI stem cell tracking [105]. 

4.1.3 Bioluminescence, fluorescence and infra red imaging  

Bioluminescence and fluorescence imaging are efficient, noninvasive methods that provide 
rapid assessments of transgene expression in preclinical models [106]. Bioluminescence 
imaging is based on transgenic expression of certain bioluminescent genes such as the 
luciferase gene in transplanted cells and the in vivo detection is done by injecting the non-
toxic bioluminescent substrate solution and the photons that are generated are captured to 
provide the images [107-109]. However, bioluminescence is limited by a lower spatial 
resolution and the inability to produce 3-dimensional and tomographic images [105]. 
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Fluorescent imaging is based on the fluorescence property of a widely used protein such a 
green fluorescent protein (GFP) that is also introduced into the transplanted cells for stable 
expression [110]. Due to the low tissue penetrance and non-specific background generated 
by the autofluorescence of the surrounding tissue GFP reporter cannot be used to reliably 
track in vivo characteristics of transplanted stem cells [109-112].  

Imaging in the near-infrared (NIR) wavelength (700–900 nm) spectrum can maximize tissue 
penetrance in addition to minimizing the autofluorescence from non target tissue. Our lab is 
currently working on tracking transplanted cells using the fluorescent dye Di-D. EpCAM 
+ve human fetal liver cells were labeled with Di-D and injected in the liver of nude mice to 
monitor their survival and engraftment of the liver. Using Di-D the labeled cells were 
imaged with KODAK Fx PRO animal imaging system at various time points indicating the 
persistence of fluorescencent labeled EpCAM+ve cells upto 110 days post transplantation 
(Figure 5). The fluorescence images of animal were overlaid with the X-ray images of the 
animal. Further studies on the safety and efficacy of the dye needs to be confirmed before 
clinical trials could be attempted.  

 
Fig. 5. In vivo images of nude mice after intra hepatic transplantation with DiD labeled 
EpCAM +ve cells at different time points (Unpublished data) 

4.2 Need for more non- invasive tissue imaging methods to monitor disease 
progression 

Non-invasive tissue imaging methods to detect fibrosis play an important role in the 
management of liver disease. Methods to monitor the disease progression are as important 
as the treatment procedures, as timely detection of fibrosis could help in prevention of the 
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further progression and restore the liver functions with minimal intervention or cell 
therapy. Imaging methods offer an invaluable diagnostic tool in detection and monitoring 
the disease progression.  

The conventional methods of imaging such as the ultrasonography and computed 
tomography are routinely used in the evaluation of fibrosis but with limited success in 
predicting the stage of the disease. The more recent methodologies based on elastography 
such as the fibroscan (ultrasound elastography) and Magnetic Resonace elastography (based 
on magnetic resonance) measure the stiffness of the tissue and correlate to the extent of 
disease progression and are more sensitive to detect fibrosis. However, the sensitivity of 
these methods are limited to detect fibrosis only in later stage of disease progression and 
new sensitive methods need to be developed that can predict the early fibrotic changes of 
the liver. Since fibrosis is characterized by extensive and unorganized accumulation of ECM 
with the principal component being collagen, our lab has initiated work on this front by 
targeting collagen to detect fibrosis. We propose to achieve this by using probes that are 
specific to collagen and combine these to a fluorescent or magnetic reporter molecule that 
would be detected by imaging methods. The amount of collagen detected would be 
correlated to the stage of fibrosis. Studies are currently being carried on rat and mouse 
models and would need extensive confirmation before these can be extended to human 
studies.  

5. Conclusions 
Cell based treatment is a promising area which is slowly gaining importance as a 
therapeutic approach for liver diseases. Preclinical and clinical trials with different types of 
adult cells have provided evidence for their usefulness in treating cirrhotic liver disease 
though with certain limitations. Recently, human fetal progenitor cells with their low 
immunogenicity and a good proliferative capacity are emerging as safe and potential 
sources for treating liver diseases. However, the efficiency of these cells in treating various 
types of liver diseases is yet to be established. Long term monitoring of the fate of the 
transfused cells also remains a challenging area that needs to be addressed before these cells 
can be used as routine treatment options for liver diseases. Improvised methods of cell 
isolation and infusion in patients and the development of faster and efficient non-invasive 
methodologies for detecting fibrosis at early stages would be an important step towards the 
management of liver diseases.  
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1. Introduction 
Every year an estimated two million people die of advanced liver disease. The World Health 
Organization estimates that over six hundred and fifty million people worldwide are 
affected by some form of liver disease, including thirty million Americans. On a worldwide 
base, the bleak cenario of one to two million deaths are accounted to liver related diseases 
annually. From all the countries, China has the world’s largest population of Hepatitis B 
patients (approx. 120 million) with five hundred thousand people dying of the liver disease 
every year(1, 2). In the US alone, there are around five hundred thousand critical episodes of 
liver problems every year requiring hospitalization with a huge burden to the patients and 
an enormous cost to the health care system. In the European Union and United States of 
America alone, over eighty one thousand and twenty six thousand people died of chronic 
liver disease in 2006, respectively(1, 3). For these patients, liver transplantation is currently 
the only therapy proven to extend survival for end-stage liver disease, as it is also the only 
treatment for severe acute liver failure and the some forms of inborn errors of metabolism. 
However, the waiting list for liver transplants is extensive and many on the list will not 
receive an organ due to a dramatic shortage of donors or not being eligible(1).  

A good example of this is that in 2007 there were nearly seventeen thousand individuals on 
the US waiting list for a liver transplant. Only 30% of those in need were transplanted. The 
average waiting time was more than 400 days. The same year, about one thousand and three 
hundred people died while waiting for a suitable donor with no available medical option for 
saving their life. Also, for those patients with fulminant hepatic failure, a severe liver disease 
with 60-90% mortality, depending on the cause, only 10% received a transplant. 
Nevertheless, liver transplantation still has a relatively high mortality of 30-40% at 5-8 years 
with 65% of the deaths occurring in the first 6 months. In addition, patients who have 
undergone transplantation have to use lifelong immunosuppressive therapy, with 
sometimes severe side effects(4). 

The etiologies of end-stage chronic liver disease that lead to transplantation are numerous 
and ~80% of people in the liver transplant waiting list have as primary diagnosis a cirrhotic 
liver. Fortunately, some of the causes of the disease are nowadays preventable. A good 
example is the successful vaccination programs in many countries in the world against 
Hepatitis B virus that have considerably reduced the incidence of chronic carriers and viral 
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However, the waiting list for liver transplants is extensive and many on the list will not 
receive an organ due to a dramatic shortage of donors or not being eligible(1).  

A good example of this is that in 2007 there were nearly seventeen thousand individuals on 
the US waiting list for a liver transplant. Only 30% of those in need were transplanted. The 
average waiting time was more than 400 days. The same year, about one thousand and three 
hundred people died while waiting for a suitable donor with no available medical option for 
saving their life. Also, for those patients with fulminant hepatic failure, a severe liver disease 
with 60-90% mortality, depending on the cause, only 10% received a transplant. 
Nevertheless, liver transplantation still has a relatively high mortality of 30-40% at 5-8 years 
with 65% of the deaths occurring in the first 6 months. In addition, patients who have 
undergone transplantation have to use lifelong immunosuppressive therapy, with 
sometimes severe side effects(4). 

The etiologies of end-stage chronic liver disease that lead to transplantation are numerous 
and ~80% of people in the liver transplant waiting list have as primary diagnosis a cirrhotic 
liver. Fortunately, some of the causes of the disease are nowadays preventable. A good 
example is the successful vaccination programs in many countries in the world against 
Hepatitis B virus that have considerably reduced the incidence of chronic carriers and viral 



 
Liver Regeneration 

 

242 

induced cirrhosis(5). Regrettably, close to 20% of the livers transplanted in the USA and 30% 
in Europe have a preventable underlying cause, alcoholic liver disease. Also ~45% of deaths 
due to liver cirrhosis in the USA are related with alcohol abuse(1, 3, 4). Patients with 
pathologies like hepatic cancer, congenital malformations and metabolic diseases, and acute 
hepatic necrosis compose the remaining percentage of the list. 

2. Transplantation 
The success of liver transplantation has resulted in a progressively increasing demand for 
such treatment. However, as mentioned above, at the same time the availability of donor 
organs has diminished, resulting in the number of potential recipients for liver 
transplantation far exceeding organ supply. Given this, several strategies have been 
explored in the last decade or so with the aim to increase access to liver transplantation. 
These include obtaining organs from non-heart-beating donors and live donors, and 
splitting and using livers from expanded donor criteria. Also, the introduction of the Model 
for End-Stage Liver Disease (MELD) system implemented February 27 of 2002 in the United 
States helped Organ Procurement Organizations to prioritize patients waiting for a liver 
transplant. The MELD score is a numerical scale used for adult liver transplant candidates 
that ranges between 6 (less ill) and 40 (gravely ill). The individual score determines how 
urgently a patient needs a liver transplant within the next 3 months. The number is 
calculated using the most recent laboratory tests – table 1(6). 
 

Bilirubin which measures how effectively the liver excretes bile 
INR formally known as the prothrombin time, measures the liver’s ability to 

make blood clotting factors 
Creatinine which measures kidney function. Impaired kidney function is often

associated with severe liver disease 

Table 1. Laboratory values used in the MELD score calculation 

The MELD score is then distributed in 4 levels according with the severety of the disease. 
Less than or equal to 10, 11-18, 19-24 and greater than or equal to 25, being the last the level 
that includes the most severe patients. Nevertheless, MELD score is not the only factor used 
for organ allocation to a patient. 

In general, for organ distribution a donor is matched to a potential recipient on the basis of 
several factors: ABO blood type, body size, degree of medical urgency and MELD score. 
Organ Procurement Organizations (e.g. OPTN/UNOS, etc) uses a computerized point 
system to distribute organs in a fair manner. Recipients are chosen primarily on the basis of 
medical urgency within each ABO blood group. Waiting time is only a factor when patients 
have the same MELD score. 

Nevertheless, there are four Special Case Exceptions that will be assigned a higher MELD 
score than that assigned by the patient’s laboratory test results:  

• Hepatocellular Carcinoma 
• Hepatopulmonary Syndrome 
• Familial Amyloidosis 
• Primary Oxaluria 
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In addition to the previously mentioned four special case exceptions, a transplant center can 
apply for a MELD exception for a patient whose medical urgency is not reflected by the 
MELD score(6). 

The implementation of more fair and efficient allocation systems, improvement in the 
immunosupressive regimens, and the increase of living donation have all helped to increase 
overall patient survival and graft survival in the past decade in the United States. The 
number of livers transplanted also increased to a all time high in 2006, with a marked 
decrease on the waiting time for liver transplantation after MELD implementation, 
especially for the sickest patients. 

An example of the impact of these improvements is the increase of 6% (86% in 2007) and 
16% (87% in 2007) of the unadjusted 1-year graft survival for deceased donor and living 
donor liver recipients between 1998 and 2007, respectively. These accounts also for an 
improvement of 3% (89% in 2007) and 11% (91% in 2007) of the unadjusted 1-year patient 
survival for deceased donor and living donor liver recipients for the same period, 
respectively(7). However, these numbers decrease significantly for the 5-year patient survival. 
In 2007 it was 74% and 79% for deceased donor and living donor liver recipients, respectively. 
These numbers decrease even further for the 10-year patient survival, where in 2007 we had 
61% and 71% patient survival for deceased donor and living donor liver recipients, 
respectively. One important note is that patient survival was higher than graft survival ~5%, 
because of the opportunity for repeat liver transplantation in the event of graft failure(8). 

These numbers highlight the need for novel therapies that can increase patient survival, as 
well as lower costs to the health care systems. Tolerance research and its clinical induction is 
a good example of this. The identification of molecular signatures in tolerant patients in 
whom immunosuppression could be stopped, and induction of tolerance, through 
lymphocyte depletion or T lymphocyte co-stimulation blockade, are the most advanced 
approaches to reduce complications of immunosuppression(9). 

3. Bioartificil liver devices 
In the past few decades, due to scarcity of donors, extracorporeal liver support devices have 
been developed to support the failing liver resulting from different complications. These 
devices were created initially for the management of patients waiting for a suitable donor 
for orthotopic liver transplantation. Recent advances in the design of these devices allow 
now utilizing them in the recovery of the native liver from an acute injury. Thus, these 
devices can either bridge the patients to liver transplantation or can fully avoid the need for 
it (10). Liver support devices can be broadly classified into two classes: artificial liver (AL) 
devices and bioartificial (BAL) devices. The artificial support devices are designed to 
detoxify the blood or plasma via different methods like hemodialysis, hemofiltration, 
hemodiafiltration, hemadsorption, plasmapheresis, plasma fractionation and albumin 
dialysis (10, 11). Bioartificial support devices are targeted towards providing essential 
metabolic and synthetic functions of liver along with removal of toxins. BAL devices 
generally utilize primary hepatocytes or hepatoma cell lines incorporated into a bioreactor 
system to perform the essential liver functions (12). Here, we will discuss the operating 
principles of several artificial and bioartificial support systems which have been or are 
currently used in clinical trials.  
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induced cirrhosis(5). Regrettably, close to 20% of the livers transplanted in the USA and 30% 
in Europe have a preventable underlying cause, alcoholic liver disease. Also ~45% of deaths 
due to liver cirrhosis in the USA are related with alcohol abuse(1, 3, 4). Patients with 
pathologies like hepatic cancer, congenital malformations and metabolic diseases, and acute 
hepatic necrosis compose the remaining percentage of the list. 

2. Transplantation 
The success of liver transplantation has resulted in a progressively increasing demand for 
such treatment. However, as mentioned above, at the same time the availability of donor 
organs has diminished, resulting in the number of potential recipients for liver 
transplantation far exceeding organ supply. Given this, several strategies have been 
explored in the last decade or so with the aim to increase access to liver transplantation. 
These include obtaining organs from non-heart-beating donors and live donors, and 
splitting and using livers from expanded donor criteria. Also, the introduction of the Model 
for End-Stage Liver Disease (MELD) system implemented February 27 of 2002 in the United 
States helped Organ Procurement Organizations to prioritize patients waiting for a liver 
transplant. The MELD score is a numerical scale used for adult liver transplant candidates 
that ranges between 6 (less ill) and 40 (gravely ill). The individual score determines how 
urgently a patient needs a liver transplant within the next 3 months. The number is 
calculated using the most recent laboratory tests – table 1(6). 
 

Bilirubin which measures how effectively the liver excretes bile 
INR formally known as the prothrombin time, measures the liver’s ability to 

make blood clotting factors 
Creatinine which measures kidney function. Impaired kidney function is often

associated with severe liver disease 

Table 1. Laboratory values used in the MELD score calculation 

The MELD score is then distributed in 4 levels according with the severety of the disease. 
Less than or equal to 10, 11-18, 19-24 and greater than or equal to 25, being the last the level 
that includes the most severe patients. Nevertheless, MELD score is not the only factor used 
for organ allocation to a patient. 

In general, for organ distribution a donor is matched to a potential recipient on the basis of 
several factors: ABO blood type, body size, degree of medical urgency and MELD score. 
Organ Procurement Organizations (e.g. OPTN/UNOS, etc) uses a computerized point 
system to distribute organs in a fair manner. Recipients are chosen primarily on the basis of 
medical urgency within each ABO blood group. Waiting time is only a factor when patients 
have the same MELD score. 

Nevertheless, there are four Special Case Exceptions that will be assigned a higher MELD 
score than that assigned by the patient’s laboratory test results:  

• Hepatocellular Carcinoma 
• Hepatopulmonary Syndrome 
• Familial Amyloidosis 
• Primary Oxaluria 
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In addition to the previously mentioned four special case exceptions, a transplant center can 
apply for a MELD exception for a patient whose medical urgency is not reflected by the 
MELD score(6). 

The implementation of more fair and efficient allocation systems, improvement in the 
immunosupressive regimens, and the increase of living donation have all helped to increase 
overall patient survival and graft survival in the past decade in the United States. The 
number of livers transplanted also increased to a all time high in 2006, with a marked 
decrease on the waiting time for liver transplantation after MELD implementation, 
especially for the sickest patients. 

An example of the impact of these improvements is the increase of 6% (86% in 2007) and 
16% (87% in 2007) of the unadjusted 1-year graft survival for deceased donor and living 
donor liver recipients between 1998 and 2007, respectively. These accounts also for an 
improvement of 3% (89% in 2007) and 11% (91% in 2007) of the unadjusted 1-year patient 
survival for deceased donor and living donor liver recipients for the same period, 
respectively(7). However, these numbers decrease significantly for the 5-year patient survival. 
In 2007 it was 74% and 79% for deceased donor and living donor liver recipients, respectively. 
These numbers decrease even further for the 10-year patient survival, where in 2007 we had 
61% and 71% patient survival for deceased donor and living donor liver recipients, 
respectively. One important note is that patient survival was higher than graft survival ~5%, 
because of the opportunity for repeat liver transplantation in the event of graft failure(8). 

These numbers highlight the need for novel therapies that can increase patient survival, as 
well as lower costs to the health care systems. Tolerance research and its clinical induction is 
a good example of this. The identification of molecular signatures in tolerant patients in 
whom immunosuppression could be stopped, and induction of tolerance, through 
lymphocyte depletion or T lymphocyte co-stimulation blockade, are the most advanced 
approaches to reduce complications of immunosuppression(9). 

3. Bioartificil liver devices 
In the past few decades, due to scarcity of donors, extracorporeal liver support devices have 
been developed to support the failing liver resulting from different complications. These 
devices were created initially for the management of patients waiting for a suitable donor 
for orthotopic liver transplantation. Recent advances in the design of these devices allow 
now utilizing them in the recovery of the native liver from an acute injury. Thus, these 
devices can either bridge the patients to liver transplantation or can fully avoid the need for 
it (10). Liver support devices can be broadly classified into two classes: artificial liver (AL) 
devices and bioartificial (BAL) devices. The artificial support devices are designed to 
detoxify the blood or plasma via different methods like hemodialysis, hemofiltration, 
hemodiafiltration, hemadsorption, plasmapheresis, plasma fractionation and albumin 
dialysis (10, 11). Bioartificial support devices are targeted towards providing essential 
metabolic and synthetic functions of liver along with removal of toxins. BAL devices 
generally utilize primary hepatocytes or hepatoma cell lines incorporated into a bioreactor 
system to perform the essential liver functions (12). Here, we will discuss the operating 
principles of several artificial and bioartificial support systems which have been or are 
currently used in clinical trials.  
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3.1 Artificial liver devices 

Various metabolic functions of the liver are severely impaired during acute or chronic liver 
failure which leads to accumulation of lethal toxins in the body. ALs were developed as 
support devices which can efficiently remove these toxins from blood or plasma by using 
membrane filtration and/or adsorbents. Liver Dialysis device, Molecular Adsorbent 
Recirculating System (MARS) and Prometheus are the most widely used artificial support 
systems.  

In liver dialysis device the patient’s blood is drawn from a central vein and passed through 
a low-to-medium permeability membrane and at the same time a suspension of powdered 
activated charcoal and cation exchange resin is pumped through the dialysate side of the 
dialyser. This result in removal of toxins from the blood as the toxins are adsorbed based on 
their binding affinities (10, 13). The MARS uses an albumin-impermeable membrane (50 kDa 
cutoff) which separates the high-flux albumin coated dialyser from albumin filled dialysate. 
The toxins bound to the albumin are dissolved from the patient’s albumin and they pass 
through the membrane and ultimately bind to the albumin solution in dialysate side. This 
albumin is then recycled by dialysis or adsorption through charcoal and resin-binding 
columns (14, 15). Prometheus primarily uses fractional plasma separation and adsorption 
techniques for removal of toxins. It uses an albumin permeable membrane (250 kDa cutoff) 
in contrast to MARS. The albumin bound toxins passes through the membrane and passes 
through special adsorbers which directly remove the toxins from the plasma and delivering 
the free albumin back to the patient (13, 14). 

Liver Dialysis, MARS and Prometheus have been widely used in clinical trials across Europe 
and Asia, and have showed some benefits to the patients but no major outcome benefits as 
far as patient survival is concerned. 

3.2 Bioartificial liver devices 

Although ALs have been shown to provide temporary support to the patients with acute 
liver failure by detoxifying the blood or plasma, they have major limitations in replacing 
synthetic and metabolic functions of liver (12). Thus, attempts have been made to develop 
bioartificial liver (BAL) systems, which can provide both metabolic and synthetic hepatic 
functions and its detoxification. BALs incorporate primary hepatocytes or hepatoma cell 
lines as a biological component and hollow fiber or porous matrix membranes on which the 
functional hepatocytes are coated (12, 16). Many cell types from various sources have been 
investigated for providing bioartificial liver support. Primary human hepatocytes have been 
widely studied as an ideal cell source due to their biocompatibility but they are not readily 
available and their proliferative capacity in vitro is limited (13, 16). Animal cell source such 
as porcine primary hepatocytes are being investigated due to ease of availability and their 
ability to maintain metabolic functions similar to human hepatocytes. However, concerns 
regarding immunological reaction to the animal proteins and transmission of disease exist 
(17). Nonetheless, porcine hepatocytes remain a popular choice as a hepatocyte source in 
various BAL systems. 

A bioreactor is a vital component of BALs and it has a major influence on the efficacy of 
these systems. In order to be used in BAL systems, the bioreactor should be able to provide a 
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suitable environment for hepatic cells to thrive and remain functional along with an 
adequate interface between blood and hepatocytes for mass transport (18). The bioreactors 
should also have a potential for scale up and flexibility as BALs may be required to be 
customized to the patient’s needs. Thus, there is an inevitable need for structural 
optimization and modifications of the bioreactors even though there have been recent 
advances in this technology. It should be highlighted that no bioreactor is currently 
approved for patient use, although some have been used in clinical trials (19). Here is a list 
of BAL devices currently under clinical investigation: 

1. Extracorporeal Liver Assist Device (ELAD) 
2. HepatAssist 
3. Bioartificial Liver Support System (BLSS) 
4. The Academic Medical Center – Bioartificial Liver (AMC-BAL) 
5. Modular Extracorporeal Liver Support device (MELS) 

So far over 200 patients have been treated with HepatAssist and over 40 patients treated 
with ELAD, making them the most common BALs used for treatment (15, 20). ELAD is the 
only BAL system which uses human hepatocyte cell line. The other BAL systems listed 
above use porcine hepatocytes as a cell source. ELAD uses immortalized C3A cell line 
derived from human hepatoma cell line HepG2 (21). The cells are located in the 
extracapillary space of hollow fibre cartridges (200 gram total cells in four cartridges). The 
membrane is impermeable to immunoglobulins, blood cells and C3A cells. The blood flows 
through the lumen of cartridges as the ultrafiltrated plasma from the membrane comes in 
direct contact with hepatocytes (12). HepatAssist incorporates approximately 5-7 billion 
cryopreserved porcine hepatocytes attached to microcarriers and loaded onto a hollow fibre. 
The separated plasma passes through a charcoal column and oxygenator prior to entering 
the hollow fibres in the bioreactor. An upgraded version of HepatAssist contains 15-20 
billion porcine hepatocytes. The membrane pores are 0.15µm in size which prevents a 
physical contact between human cells and porcine hepatocytes (10, 20). Currently, none of 
the BALs have been approved by FDA for clinical use. All of the above listed BALs are 
undergoing several clinical trials in USA and Europe. 

3.3 Future of liver support devices 

Recent developments in artificial and bioartificial devices have shown a promising path 
towards the management of patients with acute liver failure. However, considerable 
technical challenges and regulatory issues remain to be tackled in order to efficiently utilize 
these devices in the clinic. ALs have demonstrated the ease of use and cost effectiveness 
along with proving to improve biochemical parameters and clinical symptoms by 
detoxifying the blood/plasma, but it has a major limitation of not replacing critical 
metabolic and synthetic functions of liver. In order to ameliorate liver injury and 
subsequently prevent the lethal effects of loss of liver function on other critical organs, liver 
function needs to be performed by the extracorporeal support devices while the patient 
awaits the transplantation. BALs have been developed in recent years which utilize 
hepatocytes in a bioreactor to carry out the metabolic and synthetic functions of liver. For 
these reasons, BALs hold a promising future as they have shown potential by efficiently 
treating several patients across different clinical trials. Several challenges exist in BAL 
technology including the debate on ideal cell source, requirement of large number of cells, 
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3.1 Artificial liver devices 

Various metabolic functions of the liver are severely impaired during acute or chronic liver 
failure which leads to accumulation of lethal toxins in the body. ALs were developed as 
support devices which can efficiently remove these toxins from blood or plasma by using 
membrane filtration and/or adsorbents. Liver Dialysis device, Molecular Adsorbent 
Recirculating System (MARS) and Prometheus are the most widely used artificial support 
systems.  

In liver dialysis device the patient’s blood is drawn from a central vein and passed through 
a low-to-medium permeability membrane and at the same time a suspension of powdered 
activated charcoal and cation exchange resin is pumped through the dialysate side of the 
dialyser. This result in removal of toxins from the blood as the toxins are adsorbed based on 
their binding affinities (10, 13). The MARS uses an albumin-impermeable membrane (50 kDa 
cutoff) which separates the high-flux albumin coated dialyser from albumin filled dialysate. 
The toxins bound to the albumin are dissolved from the patient’s albumin and they pass 
through the membrane and ultimately bind to the albumin solution in dialysate side. This 
albumin is then recycled by dialysis or adsorption through charcoal and resin-binding 
columns (14, 15). Prometheus primarily uses fractional plasma separation and adsorption 
techniques for removal of toxins. It uses an albumin permeable membrane (250 kDa cutoff) 
in contrast to MARS. The albumin bound toxins passes through the membrane and passes 
through special adsorbers which directly remove the toxins from the plasma and delivering 
the free albumin back to the patient (13, 14). 

Liver Dialysis, MARS and Prometheus have been widely used in clinical trials across Europe 
and Asia, and have showed some benefits to the patients but no major outcome benefits as 
far as patient survival is concerned. 

3.2 Bioartificial liver devices 

Although ALs have been shown to provide temporary support to the patients with acute 
liver failure by detoxifying the blood or plasma, they have major limitations in replacing 
synthetic and metabolic functions of liver (12). Thus, attempts have been made to develop 
bioartificial liver (BAL) systems, which can provide both metabolic and synthetic hepatic 
functions and its detoxification. BALs incorporate primary hepatocytes or hepatoma cell 
lines as a biological component and hollow fiber or porous matrix membranes on which the 
functional hepatocytes are coated (12, 16). Many cell types from various sources have been 
investigated for providing bioartificial liver support. Primary human hepatocytes have been 
widely studied as an ideal cell source due to their biocompatibility but they are not readily 
available and their proliferative capacity in vitro is limited (13, 16). Animal cell source such 
as porcine primary hepatocytes are being investigated due to ease of availability and their 
ability to maintain metabolic functions similar to human hepatocytes. However, concerns 
regarding immunological reaction to the animal proteins and transmission of disease exist 
(17). Nonetheless, porcine hepatocytes remain a popular choice as a hepatocyte source in 
various BAL systems. 

A bioreactor is a vital component of BALs and it has a major influence on the efficacy of 
these systems. In order to be used in BAL systems, the bioreactor should be able to provide a 
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suitable environment for hepatic cells to thrive and remain functional along with an 
adequate interface between blood and hepatocytes for mass transport (18). The bioreactors 
should also have a potential for scale up and flexibility as BALs may be required to be 
customized to the patient’s needs. Thus, there is an inevitable need for structural 
optimization and modifications of the bioreactors even though there have been recent 
advances in this technology. It should be highlighted that no bioreactor is currently 
approved for patient use, although some have been used in clinical trials (19). Here is a list 
of BAL devices currently under clinical investigation: 

1. Extracorporeal Liver Assist Device (ELAD) 
2. HepatAssist 
3. Bioartificial Liver Support System (BLSS) 
4. The Academic Medical Center – Bioartificial Liver (AMC-BAL) 
5. Modular Extracorporeal Liver Support device (MELS) 

So far over 200 patients have been treated with HepatAssist and over 40 patients treated 
with ELAD, making them the most common BALs used for treatment (15, 20). ELAD is the 
only BAL system which uses human hepatocyte cell line. The other BAL systems listed 
above use porcine hepatocytes as a cell source. ELAD uses immortalized C3A cell line 
derived from human hepatoma cell line HepG2 (21). The cells are located in the 
extracapillary space of hollow fibre cartridges (200 gram total cells in four cartridges). The 
membrane is impermeable to immunoglobulins, blood cells and C3A cells. The blood flows 
through the lumen of cartridges as the ultrafiltrated plasma from the membrane comes in 
direct contact with hepatocytes (12). HepatAssist incorporates approximately 5-7 billion 
cryopreserved porcine hepatocytes attached to microcarriers and loaded onto a hollow fibre. 
The separated plasma passes through a charcoal column and oxygenator prior to entering 
the hollow fibres in the bioreactor. An upgraded version of HepatAssist contains 15-20 
billion porcine hepatocytes. The membrane pores are 0.15µm in size which prevents a 
physical contact between human cells and porcine hepatocytes (10, 20). Currently, none of 
the BALs have been approved by FDA for clinical use. All of the above listed BALs are 
undergoing several clinical trials in USA and Europe. 

3.3 Future of liver support devices 

Recent developments in artificial and bioartificial devices have shown a promising path 
towards the management of patients with acute liver failure. However, considerable 
technical challenges and regulatory issues remain to be tackled in order to efficiently utilize 
these devices in the clinic. ALs have demonstrated the ease of use and cost effectiveness 
along with proving to improve biochemical parameters and clinical symptoms by 
detoxifying the blood/plasma, but it has a major limitation of not replacing critical 
metabolic and synthetic functions of liver. In order to ameliorate liver injury and 
subsequently prevent the lethal effects of loss of liver function on other critical organs, liver 
function needs to be performed by the extracorporeal support devices while the patient 
awaits the transplantation. BALs have been developed in recent years which utilize 
hepatocytes in a bioreactor to carry out the metabolic and synthetic functions of liver. For 
these reasons, BALs hold a promising future as they have shown potential by efficiently 
treating several patients across different clinical trials. Several challenges exist in BAL 
technology including the debate on ideal cell source, requirement of large number of cells, 
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maintainance of the functional hepatocytes for longer period of time in a bioreactor, 
complexity of the design and high cost. These challenges have delayed the entry of BAL 
systems in the clinic. Nonetheless, plenty of optimized designs of liver support devices are 
under development and undergoing clinical trials which is a sign of optimism in this area of 
critical care and management. 

4. Cell therapies 
Hepatocyte transplantation is certainly in the forefront of new therapeutic strategies. The 
first successful hepatocyte transplantation into a patient was carried out in June 1992 to a 
French Canadian woman with familial hypercholesterolaemia. After ex vivo transduction 
with a retrovirus encoding for the human LDL receptor, the patient’s hepatocytes were 
infused through the inferior mesenteric vein into the liver. LDL and HDL levels improved 
throughout the next 18 months and transgene expression was detected in a liver biopsy(22). 
Following this first success, other patients followed through. However, not all the patients 
treated had a clear benefit from the procedure(23). Since then, several other metabolic 
diseases have been treated with hepatocyte transplantation with different degrees of 
success(24-28). It has also been used as a support treatment to acute(29-31) and chronic liver 
diseases(30-33) in bridging severely ill patients to orthotopic liver transplantation (OLT). 
Low efficacy and lack of long-term therapeutic effect have been common in all these 
procedures. These failures could be explained by the relatively small number of hepatocytes 
that engraft in the recipient liver due to quality, quantity and possibly immunosuppresion 
protocols(34). However, transplantation of a number of hepatocytes corresponding to 1-5% 
of the total liver mass has been able to show a positive impact in transplanted patients, even 
if for a limited period of time(34). 

Due to the shortage of available human hepatocytes for transplantation, other cell sources 
have been used. Specifically, bone marrow derived mesenchymal stem cells(35), 
hematopoietic stem cells(36, 37) and fetal liver progenitor/stem cells(38) have shown to 
improve, to a certain extent, the condition of cirrhotic patients. The latter cell type  holds an 
enormous potential for cell/regenerative medicine therapies due to their high expansion 
capabilities  and differentiation into hepatocytes and biliary epithelium(39). 

Recent data suggests that human embrionic (hES) and induced pluripotent (iPS) stem cells 
hold great promise to regenerative applications in every medical field. Specifically for the 
liver, several studies have established the required pathways to differentiate a hES or iPS 
into a hepatic fate by using defined soluble growth factor signals that mimic embryonic 
development(40, 41). These cells, once transplanted into rodent livers were able to engraft 
and express several normal hepatic functions(42). However, more extensive 
characterization, as well as further safety evaluation, are needed  to determine wether these 
cells will fully function as primary adult hepatocytes. 

5. Liver bioengineering 
Tissue engineering is one of the most promising fields in regenerative medicine. As 
described in 1993 by Robert Langer and Joseph Vacanti it is the conjugation of biomaterials 
(synthetic or naturally derived) with cells, in order to generate tissue constructs that can be 
implanted into patients to substitute a lost function, maintain or gain new functions(43). The 
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current paradigm is suitable for the engineering of thin constructs like the bladder, skin or 
blood vessels. Although, in the specific case of the liver, the 3D architecture and dense 
cellular mass requires novel tissue engineering approaches and the development of 
vascularized biomaterials, in order to support thick tissue masses and be readily 
transplantable. Additionally to the vascular support for large tissue masses, hepatocyte 
function maintenance represents the ultimate aim in any organ engineering or regenerative 
medicine strategy for liver disease. 

Hepatocytes are known to be attachment-dependent cells and lose rather quickly their 
specific functions without optimal media- and ECM- composition and cell-cell contacts. 
Also, function and differentiation of liver cells are influenced by the 3D organ 
architecture(44). 

In the last two decades innumerous strategies for the culture of adult hepatocytes in 
combination with several types of 3D, highly porous polymeric matrices have been 
attempted(45-49). However, in the absence of vasculature, restriction in cell growth and 
function is common due to the limitations in nutrient and oxygen diffusion. Some of these 
problems are being now partially overcome with the development of bioreactors that 
provide continuous perfusion of culture media and gases allowing a 3D culture 
configuration and hepatocyte function maintenance(50-52). 

The tissue engineering concept has several advantages over the injection of cell suspensions 
into solid organs. The matrices provide sufficient volume for the transplantation of an 
adequate cell mass up to whole-organ equivalents45. Transplantation efficiency could readily 
be improved by optimizing the microarchitecture and composition of the matrices as well as 
by attaching growth factors and extracellular matrix molecules to the polymeric scaffold, 
helping to recreate the hepatic microenvironment(44). The use of naturally derived matrices 
has also proved to be very helpful in hepatocyte culture(47). These matrices, besides 
preserving some of the microarchitecture features of the tissues that they are derived from, 
also retain bioactive signals (e.g., cell-adhesion peptides and growth factors) required for the 
retention of tissue-specific gene expression(53, 54). Additionally, cell transplantation into 
polymeric matrices is, in contrast to cell injection into tissues and organs, a reversible 
procedure since the cell-matrix-constructs may be removed if necessary. 

Finally, heterotopic hepatocyte transplantation in matrices has already been demonstrated 
in long-term studies(55, 56). Nonetheless, initial engraftment rates are suboptimal. One of 
the reasons for this is the absolute requirement of the transplanted hepatocytes for 
hepatotrophic factors that the liver constantly receives through its portal circulation(57). 
Thus, the development of a tissue engineered liver construct capable of being orthotopically 
transplanted is essential. 

Apart from cellular therapies, other early developments of experimental approaches are not 
showing results that will indicate clinical translation in the next few years. However, two 
experimental approaches that show higher level of maturity may have the potential for 
succesful clinical translation. The first experimental approach is the “cell sheet” technology 
developed by Okano et al. in Japan(58). Its simple configuration and fabrication allows for 
the stacking of up to four hepatocyte cell sheets that can readily engraft and provide a 
defined metabolic relief to the recipient(59). This technology has already been applied 
successfully to one patient with heart failure. Other technology that shows great promise is 
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maintainance of the functional hepatocytes for longer period of time in a bioreactor, 
complexity of the design and high cost. These challenges have delayed the entry of BAL 
systems in the clinic. Nonetheless, plenty of optimized designs of liver support devices are 
under development and undergoing clinical trials which is a sign of optimism in this area of 
critical care and management. 

4. Cell therapies 
Hepatocyte transplantation is certainly in the forefront of new therapeutic strategies. The 
first successful hepatocyte transplantation into a patient was carried out in June 1992 to a 
French Canadian woman with familial hypercholesterolaemia. After ex vivo transduction 
with a retrovirus encoding for the human LDL receptor, the patient’s hepatocytes were 
infused through the inferior mesenteric vein into the liver. LDL and HDL levels improved 
throughout the next 18 months and transgene expression was detected in a liver biopsy(22). 
Following this first success, other patients followed through. However, not all the patients 
treated had a clear benefit from the procedure(23). Since then, several other metabolic 
diseases have been treated with hepatocyte transplantation with different degrees of 
success(24-28). It has also been used as a support treatment to acute(29-31) and chronic liver 
diseases(30-33) in bridging severely ill patients to orthotopic liver transplantation (OLT). 
Low efficacy and lack of long-term therapeutic effect have been common in all these 
procedures. These failures could be explained by the relatively small number of hepatocytes 
that engraft in the recipient liver due to quality, quantity and possibly immunosuppresion 
protocols(34). However, transplantation of a number of hepatocytes corresponding to 1-5% 
of the total liver mass has been able to show a positive impact in transplanted patients, even 
if for a limited period of time(34). 

Due to the shortage of available human hepatocytes for transplantation, other cell sources 
have been used. Specifically, bone marrow derived mesenchymal stem cells(35), 
hematopoietic stem cells(36, 37) and fetal liver progenitor/stem cells(38) have shown to 
improve, to a certain extent, the condition of cirrhotic patients. The latter cell type  holds an 
enormous potential for cell/regenerative medicine therapies due to their high expansion 
capabilities  and differentiation into hepatocytes and biliary epithelium(39). 

Recent data suggests that human embrionic (hES) and induced pluripotent (iPS) stem cells 
hold great promise to regenerative applications in every medical field. Specifically for the 
liver, several studies have established the required pathways to differentiate a hES or iPS 
into a hepatic fate by using defined soluble growth factor signals that mimic embryonic 
development(40, 41). These cells, once transplanted into rodent livers were able to engraft 
and express several normal hepatic functions(42). However, more extensive 
characterization, as well as further safety evaluation, are needed  to determine wether these 
cells will fully function as primary adult hepatocytes. 

5. Liver bioengineering 
Tissue engineering is one of the most promising fields in regenerative medicine. As 
described in 1993 by Robert Langer and Joseph Vacanti it is the conjugation of biomaterials 
(synthetic or naturally derived) with cells, in order to generate tissue constructs that can be 
implanted into patients to substitute a lost function, maintain or gain new functions(43). The 
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current paradigm is suitable for the engineering of thin constructs like the bladder, skin or 
blood vessels. Although, in the specific case of the liver, the 3D architecture and dense 
cellular mass requires novel tissue engineering approaches and the development of 
vascularized biomaterials, in order to support thick tissue masses and be readily 
transplantable. Additionally to the vascular support for large tissue masses, hepatocyte 
function maintenance represents the ultimate aim in any organ engineering or regenerative 
medicine strategy for liver disease. 

Hepatocytes are known to be attachment-dependent cells and lose rather quickly their 
specific functions without optimal media- and ECM- composition and cell-cell contacts. 
Also, function and differentiation of liver cells are influenced by the 3D organ 
architecture(44). 

In the last two decades innumerous strategies for the culture of adult hepatocytes in 
combination with several types of 3D, highly porous polymeric matrices have been 
attempted(45-49). However, in the absence of vasculature, restriction in cell growth and 
function is common due to the limitations in nutrient and oxygen diffusion. Some of these 
problems are being now partially overcome with the development of bioreactors that 
provide continuous perfusion of culture media and gases allowing a 3D culture 
configuration and hepatocyte function maintenance(50-52). 

The tissue engineering concept has several advantages over the injection of cell suspensions 
into solid organs. The matrices provide sufficient volume for the transplantation of an 
adequate cell mass up to whole-organ equivalents45. Transplantation efficiency could readily 
be improved by optimizing the microarchitecture and composition of the matrices as well as 
by attaching growth factors and extracellular matrix molecules to the polymeric scaffold, 
helping to recreate the hepatic microenvironment(44). The use of naturally derived matrices 
has also proved to be very helpful in hepatocyte culture(47). These matrices, besides 
preserving some of the microarchitecture features of the tissues that they are derived from, 
also retain bioactive signals (e.g., cell-adhesion peptides and growth factors) required for the 
retention of tissue-specific gene expression(53, 54). Additionally, cell transplantation into 
polymeric matrices is, in contrast to cell injection into tissues and organs, a reversible 
procedure since the cell-matrix-constructs may be removed if necessary. 

Finally, heterotopic hepatocyte transplantation in matrices has already been demonstrated 
in long-term studies(55, 56). Nonetheless, initial engraftment rates are suboptimal. One of 
the reasons for this is the absolute requirement of the transplanted hepatocytes for 
hepatotrophic factors that the liver constantly receives through its portal circulation(57). 
Thus, the development of a tissue engineered liver construct capable of being orthotopically 
transplanted is essential. 

Apart from cellular therapies, other early developments of experimental approaches are not 
showing results that will indicate clinical translation in the next few years. However, two 
experimental approaches that show higher level of maturity may have the potential for 
succesful clinical translation. The first experimental approach is the “cell sheet” technology 
developed by Okano et al. in Japan(58). Its simple configuration and fabrication allows for 
the stacking of up to four hepatocyte cell sheets that can readily engraft and provide a 
defined metabolic relief to the recipient(59). This technology has already been applied 
successfully to one patient with heart failure. Other technology that shows great promise is 
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tissue and organ decellularization. Our lab and others have been able to generate several 
decellularized scaffolds for tissue engineering applications like tissue engineering of 
urethra(60), heart valves(61), blood vessel(62). More recentely, Ott et al. developed a novel 
method of perfusion decellularization that is able to generate whole organ scaffolds. The use 
of this method allowed the decellularization of a whole heart that was later repopulated 
with neonatal rat cardiomyocytes. This bioengineered heart was able to contract up to 2% of 
the normal contractile function(63). This approach may have a tremendous potential for the 
field of organ bioengineering. We have recently used a similar perfusion decellularization 
technique to liver, pancreas, intestine and kidney generating decellularized organ scaffolds 
for organ bioengineering(64, 65). These bioscaffolds preserve their tissue microarchitecture 
and an intact vascular network that can be readily used as a route for recellularization by 
perfusion of culture medium with different cell populations. In an analogous fashion, 
Uygun et al.  decellularized rat livers and repopulated them with rat primary hepatocytes, 
showing promising hepatic function and the ability of heterotopicaly transplant these 
bioengineered livers into animals for up to eight hours(66).  Baptista et al. were able to take 
this a step further by using human primary liver progenitor/stem and endothelial cells to 
bioengineer a vascularized liver. These bioengineered livers displayed some of the functions 
of a native human liver (albumin and urea secretion, drug metabolism enzyme expression, 
etc), exhibiting also an endothelialized vascular network that prevented platelet adhesion 
and aggregation, critical for blood vessel patency after transplantation(65). Nonetheless, it is 
difficult to predict the outcome and the real translational value of this technology in the present days, 
but the potential is certainly vast. Translation of it into the bioengineering of human size livers 
might help mitigate the endless hurdle of organ shortage for transplantation. 
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