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Abstract

Liver regeneration after partial hepatectomy is a very complex and well-orchestrated phenomenon.
It is carried out by the participation of all mature liver cell types. The process is associated with
signaling cascades involving growth factors, cytokines, matrix remodeling, and several feedbacks
of stimulation and inhibition of growth related signals. Liver manages to restore any lost mass and
adjust its size to that of the organism, while at the same time providing full support for body
homeostasis during the entire regenerative process. In situations when hepatocytes or biliary cells
are blocked from regeneration, these cell types can function as facultative stem cells for each other.

Liver is an interesting organ with high regenerative capacity and complex functions
(Michalopoulos and DeFrances, 1997; Taub, 2004; Michalopoulos and Khan, 2005c; Fausto
etal., 2006). Liver receives all exiting circulation from the small and most of the large intestine,
as well as spleen and pancreas, through the portal vein. Its “strategic” location in relation to
the food supply via the portal vein, and the unique gene-and protein-expression patterns of
hepatocytes (the main functional cells of the liver) allow it to function as a biochemical defense
against toxic chemicals entering through the food and as a re-processor of absorbed food
ingredients. Nutrients entering the liver are transformed into secreted proteins (albumin, most
coagulation factors, several plasma carrier proteins etc. in the peripheral blood), lipids sent as
lipoproteins into the other tissues, carbohydrates stored in the liver as glycogen (the main
glucose reserve used for stabilization of glucose levels in the blood). Synthesis of bile is
essential for absorption of fat and lipophilic nutrients. As a major regulator of plasma glucose
and ammonia levels, liver is essential for optimal function of the brain. Loss of liver function
leads to chronic “hepatic encephalopathy” and eventually coma. The wide array of functions
performed by liver towards the rest of the body has been safeguarded by evolutionary events
which imparted to liver a phenomenal capacity to regenerate. This process allows liver to
recover lost mass without jeopardizing viability of the entire organism. The phenomenon of
liver regeneration following loss of liver mass is seen in all vertebrate organisms, from humans
to fish. It is also triggered when livers from small animals (e.g., dogs) are transplanted to large
recipients of the same species. It has been recorded and mythologized in ancient times from
the myth of Prometheus and libraries of clay tables picturing scarred livers of sacrificial
animals, used to foretell the future in ancient Babylon and Rome (Michalopoulos and
DeFrances, 1997).

Loss of liver mass can be induced by administering hepatotoxic chemicals (e.g., carbon
tetrachloride). This is followed by an inflammatory response which removes tissue debris,
followed by the regenerative response. Most commonly, however, regeneration of the liver is
studied by performing a surgical procedure which removes 2/3 of the liver mass in rodents
(rats and mice), a technique known as 2/3 partial hepatectomy (PHx) (Higgins, 1931). Due to
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the multi-lobe structure of the rodent liver, three of the five liver lobes (representing 2/3 of the
liver mass) can be removed by an easy surgical procedure, without causing any tissue damage
to the residual two lobes. The latter grow in size to restore an aggregate equivalent to the mass
of the original five lobes. The process, in rats and mice, is complete within 5-7 days after
surgery. The reproducibility of PHx in terms of mass removed and precision of timing of the
sequence of ensuing events has made PHXx the preferred approach for experimental study of
liver regeneration. In a clinical setting, this procedure is also done in humans, in order to resect
solitary liver metastases or repair trauma, etc.

PHXx triggers a sequence of events that proceed in an orderly fashion and can be observed from
the first 5 min to 5-7 days. Hepatocytes are the first cells to enter into DNA synthesis. A 2/3
PHXx leaves a residual 1/3 of hepatocytes. They undergo one round of DNA synthesis (leading
to 60% of hepatocytes) which peaks at 24h for the rat and at approximately 36 h for the mouse
(Unless otherwise specified, times after PHx referred in this review will follow the time table
of regeneration in the rat, which is more reproducible). A second smaller percent of cells enter
into a second round of DNA synthesis and establish the original number of hepatocytes. A
small wave of apoptosis of hepatocytes seen at the end of DNA synthesis suggests that this is
a mechanism to correct an over-shooting of the regenerative response (Sakamoto et al.,
1999). The proliferation of hepatocytes advances from periportal to pericentral areas of the
lobule, as a wave of mitoses (Rabes, 1977). Hepatocytes surrounding the central veins (positive
for glutamine synthetase (Gebhardt et al., 2007) are the last ones to undergo cell replication.
Proliferation of biliary epithelial cells occurs a little later than hepatocytes. Proliferation of
endothelial cells starts at 2-3 days and ends around 4-5 days after PHx. The kinetics of
proliferation of stellate cells has not been fully explored. Stellate cells are cells of
myofibroblastic origin, surrounding hepatocytes, located under the sinusoidal cells, producing
extracellular matrix and several cytokines including HGF, and having a gene expression pattern
substantially similar to the astrocytes of the brain (Neubauer et al., 1996; Cassiman et al.,
2001). It should be emphasized that replacement of the lost hepatic mass is mediated through
proliferation of mature adult hepatocytes and the other hepatic cell types. It is not mediated by
proliferation of a selective subpopulation of stem cells (as in skin and small intestine). Normal
liver weight is reestablished within 57 days (8-15 days in humans). At the end of regeneration,
the size of the liver lobules is remarkably larger and the thickness of the hepatocyte plates is
almost twice the size of the normal one cell thickness (Michalopoulos and DeFrances, 1997).
Previous studies suggest that there is slow lobular reorganization taking place for several
weeks, and eventually liver histology becomes indistinguishable from the original (Wagenaar
etal., 1993).

Broadly defined, partial hepatectomy is a type of liver injury, though no immediate histological
damage results from it. Thus, it is not surprising that the signaling pathways triggered during
liver regeneration strongly resemble those of wound healing, seen in other tissues. The
difference with the classic wound healing process is that the changes observed in liver occur
over the entire organ (largest single organ in the body!) and that some of the signals may be
derived in part from the peripheral circulation.

Hemodynamic Changes Following 2/3 Partial Hepatectomy

In a typical wound healing scenario, the injury to the tissue results in disruption of capillary
vascular networks and extravasation of blood, accompanied by local release of coagulation
factors, platelets, growth factors, etc. (Schafer and Werner, 2007). This is clearly not the case
following 2/3 PHx. Three liver lobes are surgically removed without damage to the residual
two lobes. Even though there is no damage to the residual tissue, there are big changes in
hepatic blood flow patterns. There is considerable literature suggesting that the early
hemodynamic changes after PHx are important, and, even though there is no extravasation of
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whole blood, the hemodynamic alterations after PHx induce a global spectrum of events across
the entire liver that resembles a wound healing response. The arterial component of the blood
supply per unit of liver tissue does not change after 2/3 PHx; the portal contribution per unit
tissue, however, triples. Portal vein continues to carry the entire outflow from intestine, spleen
and pancreas. The entire flow now needs to traverse through a capillary bed whose cross-section
is mathematically down to 1/3 of the original. The hepatic capillaries have fenestrated
endothelial cells which bring direct access of plasma through the endothelial cells to the
hepatocytes. A recent study demonstrated that if these changes are prevented by keeping
pressure of the portal vein constant, there is deficient activation of HGF and increased
hepatocyte apoptosis, even though the kinetics of PCNA nuclear labeling do not seem to be
affected (Marubashi et al., 2004). Another point that needs to be better understood is the
potential impact of the change of oxygen partial pressure in the hepatic blood after PHx. Portal
vein blood has a much lower oxygen concentration compared to the arterial blood. The relative
increase in portal blood per unit liver tissue after PHx should result in decreased oxygen
pressure in the circulating blood, perhaps triggering a hypoxic response. Recent studies
however have shown that hypoxia in the liver may be regulated through pathways different
than the classic ones, since HIF1a is not identified in hepatocyte nuclei, but it is instead seen
in peroxisomes and mitochondria (Khan et al., 2006). The tripling of the portal vein
contribution should also cause a mathematical tripling in the availability per hepatocyte of
growth factors and cytokines derived from intestine and pancreas. Such factors include insulin
and epidermal growth factor (EGF), endotoxin, as well as nutrients derived from the food
supply (amino acids, lipids, and carbohydrates). Overall, of all aspects of liver regeneration,
the importance of the hemodynamic events and the change of relative proportion of portal to
arterial blood are the least studied and least understood. There is an almost universal agreement
however that the aggregate changes described above trigger the better understood and better
studied changes of signaling pathways in liver tissue, described below.

Early Events Occurring in Liver After PHx

PHx induces rapid induction of more than 100 genes not expressed in normal liver (Taub,
1996, 2004). These genes relate directly or indirectly to preparative events for the entry of
hepatocytes into the cell cycle. The functions served are several and many of these genes (e.g.,
IGFBP1) appear to play an essential role. Mice deficient in IGFBP1, for example, have
deficient regenerative response (Leu et al., 2003). The precise role of the many genes expressed
early in liver regeneration is not always clear and the early changes in gene expression should
be viewed as serving both the entry of hepatocytes into the cell cycle as well the orchestration
of specific adjustments that hepatocytes have to make, so that they can deliver all essential
hepatic functions while going through cell proliferation. Given the fact that more than 95% of
hepatocytes go through cell proliferation during 48 h, it is truly amazing that the support
provided by liver to the whole body is not perceptibly diminished during regeneration. One of
the earliest observed biochemical changes is increase in activity of urokinase plasminogen
activator (UPA) (Fig. 1). This occurs over the entire tissue of the remnant lobes. As seen in
early stages of wound healing (Kortlever and Bernards, 2006), there is increase in UPA activity
throughout the entire liver starting as early as 5 min after PHx (Mars et al., 1995). The
relationship between increase in uPA and the hemodynamic changes discussed above is not
clear, but there is literature documenting increase of uPA in several cell types including
endothelial cells following mechanical stress associated with increased turbulent flow (Sokabe
et al., 2004). Thus, alterations of vascular flow patterns alone can trigger some of the early
events. Increase in UPA activity is accompanied by activation of plasminogen to plasmin
(within 10 min) and appearance of fibrinogen degradation products (Kim et al., 1997).
Urokinase is known to activate matrix remodeling, seen in most tissues during wound healing
and also in liver regeneration. Many proteins of the extracellular matrix are subject to turnover
(Kim et al., 1997). The first evidence of activation of metalloproteinase 9 (MMP9) is seen at
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30 min and further into the first 24-48 h after PHx (Kim et al., 2000). Studies from wound
healing and tumor biology have shown that matrix remodeling causes signaling though
integrins and is associated with release of locally bound growth factors and peptides that have
signaling capabilities (Swindle et al., 2001). While there is not much proteinaceous matrix in
the liver visible under the microscope, there is a great abundance of heavily glycosylated
proteins in the pericellular space surrounding hepatocytes. Glycosaminoglycans are very
abundant in liver and heparin, a shorter derivative, owes its name to liver (“hepar”). Overall
regulation of extracellular matrix during liver regeneration is a very complex process, involving
metalloproteinases and tissue inhibitors of metalloproteinases (Mohammed and Khokha,
2005a). Hepatic extracellular matrix binds many growth factors. Prominent among matrix
binding growth factors in the liver is hepatocyte growth factor (HGF) (Masumoto and
Yamamoto, 1991, 1993). Inactive, single-chain HGF bound to hepatic biomatrix is locally
released during matrix remodeling and activated to its active heterodimeric form by uPA (Mars
etal., 1993, 1995) (HGF is highly homologous to plasminogen, the recognized classic target
of uPA; HGF and plasminogen have the same consensus sequence (RVV) at their activation
site). Activated HGF is available locally, but it also overflows in the circulation (Lindroos et
al., 1991). Pre-existing stores of inactive and active HGF rapidly diminish with the first 3 h
after PHX, as HGF rises in the plasma by 10- to 20-fold (Pediaditakis et al., 2001).
Metalloproteinases and TIMP levels are important in regulation of release of HGF and its
availability for activation during regeneration (Mohammed et al., 2005b). Studies with
hepatocytes in culture suggest that TNF may play a role in this process by inducing expression
of MMP9 by hepatocytes (Haruyama et al., 2000). Overall, matrix remodeling is a very
important component of liver regeneration and mice with genetic elimination of MMP9 have
defective regeneration (Olle et al., 2006). Release and activation of HGF by these events results
in activation of cMet within 30-60 min after PHx (Stolz et al., 1999). Other substances released
locally and in the peripheral circulation shortly (within 1 h) after PHx are hyaluronic acid (a
major component of hepatic biomatrix) and TGFA1 (Michalopoulos and DeFrances, 1997).
TGFp1 is a known hepatocyte mito-inhibitor (Houck et al., 1988). When the receptor
TGFBR1is rendered inactive in normal, non-regenerating liver by injecting dominant negative
DNA constructs, there is a noticeable increase in DNA synthesis of hepatocytes (Ichikawa et
al., 2001). This suggests that TGFB1 (bound to decorin) exercises a competing tonic effect
against opposing effects of matrix bound growth factors, keeping hepatocytes of the normal
liver in a state of quiescence. Matrix remodeling after PHx dramatically alters this balance
between mitogens and mitoinhibitors, by causing release (local and in the circulation) and
activation of HGF while releasing TGFB1 massively in the circulation, where TGFB1 is bound
and inactivated by alpha-2-macroglobulin (LaMarre et al., 1991). The EGFR is also activated
with the same kinetics as cMet (Stolz et al., 1999). EGF is constantly available to the liver
through the portal circulation, produced by exocrine glands of the duodenum (Brunner’s
glands) (Olsen et al., 1985). The similar time kinetics of activation of the HGF and EGF
receptors suggest that EGF, now targeting fewer hepatocytes, has an enhanced effect; or that
the EGFR becomes more sensitive to EGF. Independent work suggests that the latter may be
true. Norepinephrine, which also increases in the peripheral circulation, is known to enhance
the effect of HGF and EGF receptors in hepatocyte cultures through the alpha-1 adrenergic
receptor (Cruise et al., 1985). Blockade of the alpha-1 receptor suppresses liver regeneration
(Cruise et al., 1987). Other studies have also shown that there is a cross-talk between Met and
EGFR and it is possible that activation of Met enhances activation of EGFR (Jo et al., 2000).
Also increasing in circulation are the concentrations of TNF (Yamada et al., 1998), bile
acids (Huang et al., 2006), IL6 (Cressman et al., 1996), and serotonin (Lesurtel et al., 2006).
The changes in concentrations of all of these signaling molecules in the plasma probably
account for older observations in which the signal(s) for liver regeneration is transmitted by
blood in pairs of parabiotic rats (Moolten and Bucher, 1967) and in fragments of transplanted
hepatic tissue (Leong et al., 1964) or isolated hepatocytes in the adipose tissue (Jirtle and
Michalopoulos, 1982) when the orthotopic liver is subjected to partial hepatectomy.
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As these events unfold outside of hepatocytes, many events are occurring inside the cell. beta
catenin (Monga et al., 2001) and the Notch-1 intracellular domain (NICD) (Kohler et al.,
2004) appear in hepatocyte nuclei within 15-30 min after PHx. Elimination of expression of
these proteins by RNA interference (Kohler et al., 2004) decreases the regenerative response.
Within 1 h after PHX, there is evidence for enhanced activation of Stat3 (Cressman et al.,
1995) and NFkB (FitzGerald et al., 1995; Yamada et al., 1998). Elimination of either of these
two signaling molecules does not abrogate the regenerative response, probably due to the
existence of redundant pathways which complement for the loss of the proteins (e.g., Statl
assuming the role of Stat3) (DeAngelis et al., 2001; Li et al., 2002). Despite these findings
however, Stat3 and NFkB are important signaling molecules associated with cell cycle events
in many cells types and their early activation in hepatocytes undoubtedly is an important
contribution to the signaling pathways leading to proliferation. At 6 h after PHx there is clear
evidence for activation of cyclin D1. Amino acids and TOR play a regulatory role in this process
(Nelsen et al., 2003). In the rat, the first round of DNA synthesis in hepatocytes begins at 12
h after PHx, with a peak of DNA synthesis seen at 24 h. In the mouse, these events are frame-
shifted later by 6-12 h (Michalopoulos and DeFrances, 1997). Throughout the first 2-3 days
of regeneration, there is decrease in the ratio of C/EBPa to C/EBP, a process thought as
underlying some of the shifts in metabolism that occur in liver during this time, such as
enhanced lipid synthesis (Friedman et al., 2004). Analysis of the gene expression networks
operating during liver regeneration has revealed alterations dependent on both growth factors
and cytokines (Taub et al., 1999; White et al., 2005).

The events occurring in the early period of 0-5 h after PHx have often been called

“priming” (Fausto, 2000). The term is a useful one, in that it denotes not only events associated
for preparation for entry into the cell cycle, but also events and strategies of hepatocytes aimed
at modifying patterns of gene expression so that they continue to deliver their homeostatic
functions. “Priming,” however, has also been used to denote a time in which events occurring
are induced only by cytokines, with events induced by growth factors occurring after the
cytokine-mediated events. The findings described above, however, clearly denote that there is
no demarcation point that can be ascribed to separate events induced only by cytokines or only
by growth factors. The time kinetics in changes and effects of both cytokines and growth factors
(see below) are intertwined and synchronous, for example, activation of growth factor receptors
(Metand EGFR) occurs fully within 30 min after PHx, similar to activation of Stat3 and NFkB.
A partial list of the concurrent events occurring in the first 60 min after PHx is shown in Table
1.

Signals Associated With Initiation of Liver Regeneration

A key endpoint of liver regeneration is the restoration of the total number and mass of
hepatocytes, the main functional cells of the liver responsible for delivering most of the hepatic
functions important for body homeostasis. Hepatocytes are the first cells of the liver to enter
into the cell cycle and undergo proliferation, and they produce mitogenic signals for other
hepatic cell types (Fig. 2). Quiescent hepatocytes in normal liver express a variety of growth
factor receptors. These include receptors for PDGF, VEGF, fibroblast growth factor receptors,
c-Kit, Studies with hepatocytes in primary culture however have shown that despite the
expression of many mitogenic receptors, the only mitogens for hepatocytes in chemically
defined serum-free media are HGF and ligands of the EGFR (EGF, TGFa, Amphiregulin, HB-
EGF, etc). These ligands are direct mitogens, in that they induce a strong mitogenic response
in hepatocytes in primary culture and clonal expansion of their population (Block et al.,
1996). FGF1 and FGF2 are also weak mitogens (Houck et al., 1990). HGF, EGF, and TGFa
also induce hepatocyte proliferation and liver enlargement when injected alone into intact
normal mice and rats (Bucher et al., 1977;Patijn et al., 1998). In addition to these proteins,
however, there are other substances which, although not directly mitogenic to hepatocytes,
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enhance the effect of the direct mitogens. These include TNF (Webber et al., 1998),
Norepinephrine (Cruise et al., 1985), and estrogens (Ni and Yager, 1994). Several studies have
emphasized the role of these substances and the kinetics of their expression during liver
regeneration. Recent studies have also focused on pro-regenerative effects of components of
complement, bile acids, and serotonin, substances not known or tested to have direct or indirect
mitogenic effects. Some of the above signaling molecules were implicated based on decreased
regeneration when their signaling is eliminated (e.g., HGF, TNF, IL6, bile acids,
norepinephrine, serotonin). Others have been implicated because they are mitogenic for
hepatocytes in cell culture or in vivo and their signaling receptors appear activated during liver
regeneration (e.g., HGF and EGF). We will briefly describe below the main line of evidence
associating each of the above signaling molecules in liver regeneration. In general, however,
there are two important considerations:

1. With the possible exception of the HGF/Met signaling pathway (see below), all other
signaling pathways may temporarily dampen but do not stop liver regeneration. Other
than xenobiotics such as AAF, there is no known signal whose absence or presence
permanently arrests liver regeneration. Even with high doses of radiation to the liver,
regeneration occurs (primarily by increase in the size of hepatocytes (Michalopoulos
and DeFrances, 1997).

2. The fact that complete elimination of a signaling pathway does not entirely abrogate
liver regeneration should not imply that the specific signaling pathway is not
important. The precise orchestration of events occurring early after partial
hepatectomy probably requires simultaneous presence of all the hitherto discovered
extracellular signals. (Precise timing of events is important not only in experimental
conditions but also in clinical settings, in which rapid regeneration of the liver makes
a “life or death” difference to the organism).

With these two principles in mind, the main signaling pathways known today and implicated
for initiation and maintenance of liver regeneration are as follows:

Hepatocyte growth factor (HGF)

It is present in liver matrix in relatively large quantities; it is also found in the matrix of other
organs, such as lungs, spleen, placenta, brain, etc. (Matsumoto and Nakamura, 1996; Stella
and Comoglio, 1999). Systemically injected HGF is sequestered by the liver more than any
other organ (Appasamy et al., 1993). Its receptor, cMet, is expressed in most epithelial cells,
endothelial cells and neurons, and mediates all the effects of HGF (Naldini et al., 1991). In
addition to its mitogenic and motogenic effects, Met also binds the apoptotic receptor Fas and
preventing its trimerization, thus having an anti-apoptotic effect (Wang et al., 2002). Genetic
elimination of HGF or its receptor (cMet) is associated with embryonic lethality involving
abnormalities in many organs, most notably in placenta (Schmidt et al., 1995; Dietrich et al.,
1999; Uehara et al., 2000). Livers of the embryos are smaller than the wild type controls. HGF
was isolated from the plasma of partially hepatectomized rats, from studies in search for
circulating mitogens increasing in the blood after PHx (Michalopoulos et al., 1984). HGF has
been implicated as involved in liver regeneration for the following reasons:

a. HGF levels in plasma increase 10- to 20-fold after PHx (Lindroos et al., 1991).

b. Active HGF is consumed from intrahepatic stores in the first 3 h after PHx, followed
by new HGF synthesis from 3 to 48 h (Pediaditakis et al., 2001).

c. HGF causes a strong mitogenic response and clonal expansion of hepatocytes in
culture (Block et al., 1996).

d. HGF injection in portal vein of normal rats and mice causes proliferation of
hepatocytes and enlargement of the liver (Liu et al., 1994a; Patijn et al., 1998).
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e. Liver HGF receptor (cMet) becomes activated by tyrosine phosphorylation at 30-60
min after PHx (Stolz et al., 1999).

f.  Activation of Met in hepatocyte cultures drives activation of beta catenin by its
phosphorylation on tyrosine residues and promotes its translocation to hepatocyte
nucleus (Monga et al., 2002).

g. Targeted genetic elimination of cMet from the liver is associated with very diminished
or absent regenerative response (Borowiak et al., 2004; Huh et al., 2004).

h. RNA interference after PHx in vivo against cMet is associated with complete blockade
of the cell cycle. This effect lasts as long as the RNA interference against Met is active
(Paranjpe et al., 2007). The degree of suppression of regeneration in (f) and (g) above
suggests that there are unique signaling pathways associated with Met that are not
compensated by EGFR or other mechanisms. It should be noted that the same
dependence on c-Met has also been found in wound healing (Chmielowiec et al.,
2007).

i. Urokinase is involved in activation of HGF in regenerating liver and mice genetically
deficientin urokinase have defective liver regeneration (Roselli etal., 1998). It should
be noted that HGF can also be activated by a protease with considerable homology
to factor X, known as HGF activator and subject to complex regulation by anti-
proteases (Shimomura et al., 1999). This protein is soluble in the plasma and there
has been no role identified for it during liver regeneration.

HGF in liver is produced predominantly by the stellate cells (Schirmacher et al., 1993), but
also by hepatic endothelial cells (LeCouter et al., 2003). The latter respond to production of
VEGF by proliferating hepatocytes, which in turn stimulates production of HGF by endothelial
cells, via the non-mitogenic VEGF Receptor I. HGF mRNA increases at 3 h after PHx not only
in liver (Zarnegar et al., 1991) but also in lung and spleen (Liu et al., 1994b; Yanagita et al.,
1992). The signals triggering this extrahepatic participation are not clear. Norepinephrine and
IL6, both rising in the plasma after PHx, are known to stimulate production of HGF in
responding cells (Broten et al., 1999; Liu et al., 1994b) are possible candidates for mediating
this effect. Studies with hepatocytes in culture have suggested that part of the effects of HGF
is caused by stimulation of production of TGFa (Tomiya et al., 2000). However, liver
regeneration proceeds normally in TGFa deficient mice (see below) whereas the effects of
inactivation of the HGF receptor (g and h above) cannot be compensated by other mitogenic
receptors.

The view of HGF as an initiator of liver regeneration is bolstered by the fact that it is a direct
mitogen for hepatocytes, it activates its receptor very early, and it can induce most of the
changes occurring during liver regeneration (including massive hepatic enlargement) by
administration in intact mice and rats. On the other hand, several events occur before HGF
becomes demonstrably available (e.g., increase in urokinase, migration of NICD), etc.
Currently there is no evidence that one single initiating change after PHx exists which alone
leads to liver regeneration. Of all the signals participating in the very early events after PHXx,
however, given its properties, actions, and impact of elimination of its receptor, the signaling
by HGF appears as the most irreplaceable contributor.

Ligands of EGFR

Both ligands of EGFR and the receptor itself are part of a complex signaling system of ligands
and ERB receptor family members which establish mitogenic signaling through complex
interactions involving receptor ligation, endocytosis, potential recycling to the plasma
membrane, etc. This was discussed in the context of liver regeneration in a recent review
(Michalopoulos and Khan, 2005c). Though there is high level of redundancy between receptors
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and ligands, the redundancy of this system is not complete. TGFa deficient mice apparently
have normal liver regeneration (Russell et al., 1996), whereas mice deficient in Amphiregulin
or HB EGF are reported to have deficient regeneration.

a.

EGF is continually available to the liver through the portal vein, produced from
Brunner’s glands of the duodenum and, in male mice, from circulating high levels of
EGF produced by the salivary glands (Skov Olsen et al., 1988; Jones et al., 1995).
Catecholamines, including epinephrine and norepinephrine, are known to stimulate
production of EGF from Brunner’s glands of the duodenum (Olsen et al., 1985) and
they rise in plasma after PHx. However, there has not been any direct measurement
of portal vein concentration of EGF after PHx. All tested EGFR ligands are direct and
strong mitogens for hepatocytes in culture. EGF given in intact animals causes
hepatocyte proliferation (Bucher et al., 1977). EGFR is phosphorylated within 30-60
min after PHx. The capacity of liver to regenerate following suppression or targeted
elimination of EGFR has not been tested as yet.

TGFa is produced by hepatocytes during regeneration, starting at about 2-3 h after
PHx and continuing at high levels for more than 48 h (Mead and Fausto, 1989).
TGFa is produced as an inactive precursor penetrating through the plasma membrane.
The extracellular domain is cleaved by proteases such as TACE (Lee et al., 2003), to
generate the active form. Since hepatocytes express EGFR, the possibility that
TGFa production generates an autocrine loop has been considered. Mice with targeted
transgenic expression of TGFa in hepatocytes have dramatic liver enlargement and
develop tumors (Webber et al., 1994). On the other hand, genetic elimination of
TGFa does not affect liver regeneration and despite the large increase in TGFa
mMRNA, the actual measured increase in protein is rather small (Russell et al., 1993,
1996). TGFa is also a mitogen for endothelial cells and bile duct epithelial cells. It is
possible that TGFa production by hepatocytes triggers paracrine effects stimulated
by hepatocytes and aimed to engage adjacent hepatic cells into proliferation. This is
comparable to observed increases in TGFa in other normal cells in proliferation or
tissue repair (e.g., keratinocytes during wound healing, mammary epithelial cells
following stimulation by estrogens, and most carcinomas are known to produce high
levels of TGFa (Aaronson et al., 1990; Derynck, 1992; Purup et al., 2000).

Heparin Binding EGF (HB EGF) is produced by endothelial cells and Kupffer cells
(Kiso et al., 1995). HB EGF production increases within 1.5 h after PHx. HB EGF
transgenic mice with liver-targeted production have enhanced regeneration (Kiso et
al., 2003) whereas HB EGF knockout mice have deficient regenerative response
(Mitchell et al., 2005).

Amphiregulin is another member of the family of EGFR ligands. Mice deficient in
Amphiregulin have deficient liver regeneration (Berasain et al., 2005).

Tumor necrosis factor (TNF)

This is a protein known to have a variety of effects on many cells and tissues. Contrary to what
its name implies, TNF can often have promitogenic effects on cells, depending on conditions
which regulate activation of NFkB (Kirillova et al., 1999). If conditions favor activation of
NFkB, then TNF may enhance other concurrently delivered growth signals. Alternatively, if
activation of NFkB cannot be mediated by TNF, then TNF may elicit an apoptotic response
(limuro et al., 1998). The status of free radicals (Pierce et al., 2000), energy levels and other
intracellular factors determine the emergence of complex pathway involving activation of
NFkB by removal of the inhibitory kB through phosphorylation mediated by the kinase IKK
(Karin et al., 2004; Luo et al., 2005; Park et al., 2005). One of the factors determining the
activation of NFKB and the outcome of interaction of TNF with cells is altered integrin
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signaling. With all the matrix remodeling occurring during regeneration, such alterations in
integrin signaling are bound to occur and they may be associated with directing the signaling
of TNF towards a promitogenic effect (Chen etal., 2007). Antibodies against TNF administered
at the time of hepatectomy decrease the regenerative response (Akerman et al., 1992). Mice
with genetic deletions of the TNF receptor 1 (TNFR1) have slow and deficient response
following PHx (Yamada et al., 1997, 1998; Yamada and Fausto, 1998). Activation of Stat3
and NFkB in these mice is diminished. Liver regeneration eventually becomes completed albeit
much later. Even though deletion of NFKB components does not seem to affect liver
regeneration (DeAngelis et al., 2001), given the promitogenic effects of activated NFKB in
many cells and tissues, it is likely that TNF exercises its effects on liver regeneration in major
part by this pathway. TNF is involved in induction of TACE, a plasma membrane associated
protease which controls activation of TGFa. Enhanced activation of TGFa causes
transactivation of EGFR (Argast et al., 2004). TNF is also a regulator of iNOS (Nussler et al.,
1995), and mice with deficiency in iNOS have defective liver regeneration (Rai et al., 1998).

TNF is not a direct mitogen for hepatocytes. It does not induce DNA synthesis in primary
cultures of hepatocytes in serum free media nor does it induce hepatocyte DNA synthesis when
injected in whole animals. It does, however, enhance the mitogenic effects of direct mitogens
such as HGF, both in vivo and in cell culture (Webber et al., 1998) and is mitogenic for
hepatocytes with transgenic expression of TGFa. (Pierce et al., 2000). TNF increases in plasma
after PHXx. Its cellular source is considered to be the hepatic macrophages (Kupffer cells) but
production by other cell types has not been excluded. A stimulus that may induce TNF after
PHXx is endotoxin, produced by bacteria from the gut. Given the absence of direct mitogenic
effects on hepatocytes, TNF should not be viewed as the initiator of liver regeneration, but
rather as one of the many concurrent and contributory extracellular signals that all together
orchestrate the early events of the response.

Interleukin 6 (IL6)

There is abundant literature documenting the crucial role of IL6 in initiation of the acute phase
response in hepatocytes. This is a rapid increase in production by hepatocytes of many proteins
which assist in controlling acute or chronic inflammation (Fey et al., 1991; Geisterfer et al.,
1993). IL6 is produced by hepatic macrophages. Previous studies however have shown that it
is produced by hepatoma cell lines, suggesting that it may also be produced by hepatocytes
themselves (Northemann et al., 1990). IL6 binds to a soluble receptor, and the complex binds
to the receptor gp130, which IL6 shares with other cytokines, including Oncostatin M, CNTF,
LIF, etc. (Benigni et al., 1996). There was a previous report claiming that mice deficient in IL6
have deficient liver regeneration. This was associated with deficient activation of Stat3
(Cressman et al., 1996). Other studies however have shown that liver regeneration in these
mice is essentially normal even though there is decreased activation of Stat3 (Sakamoto et al.,
1999). Mice over-expressing both IL6 and its soluble receptor have areas of periportal
hepatocyte hyperplasia (Maione et al., 1998). Mice with genetic deletions of gp130 are more
sensitive to toxic effects but have essentially normal liver regeneration (Streetz et al., 2003).
IL6 is not a direct mitogen for hepatocytes and does not enhance the mitogenic effect of other
growth factors. It is, however, a direct mitogen for biliary cells (Liu et al., 1998) and it has
important effects on integrity of the intrahepatic biliary tree by regulating production of small
proline-rich proteins by cholangiocytes (Nozaki et al., 2005; Demetris et al., 2006). IL6 does
increase in plasma following PHx. IL6 is probably a factor contributing to optimizing processes
of the early stage of liver regeneration, but it should not be viewed as the initiator of the process.

Norepinephrine

This is a neurotransmitter in the central and peripheral autonomic nervous system. Epinephrine
and norepinephrine are released in peripheral circulation from nerve endings, as well as from
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the adrenal medulla. Interest in the role of norepinephrine in liver regeneration arose when it
was shown that norepinephrine substantially enhances the mitogenic effects of EGF and HGF
in hepatocyte cultures and it decreases the mito-inhibitory effects of TGFb1 (Cruise et al.,
1985; Houck et al., 1988). In cultures of hepatocytes with balanced concentrations of EGF and
TGFb1 such that the final effect is neutral (EGF mitogenic effect is balanced by the mito-
inhibitory effect of TGFB1), addition of norepinephrine triggers high-level hepatocyte DNA
synthesis (Houck and Michalopoulos, 1989). Norepinephrine induces synthesis of HGF in
myofibroblasts (Broten et al., 1999). It is produced by and required for DNA synthesis of
stellate cells in vivo and in culture (Oben et al., 2003). Another effect of norepinephrine and
epinephrine of potential importance to liver regeneration is enhancement of production of EGF
by Brunner’s glands of the duodenum (Olsen et al., 1985). This has not been directly linked to
liver regeneration but norepinephrine rises rapidly in plasma after PHx and it may have an
effect on EGF production. Blockade of the alpha-1 adrenergic receptor by prazosin inhibits
DNA synthesis after PHx for 72 h (Cruise et al., 1987). It is not clear whether this effect reflects
blockade of norepinephrine secreted peripherally or locally released by the stellate cells.

Bile acids and xenobiotics

Serotonin

It has been a long standing observation from liver pathology that hepatic cholestasis
(chemically induced or due to mechanical biliary obstruction) is associated with proliferation
of hepatocytes. A recent study provided evidence that bile acids increase in circulating blood
after PHx and that depletion of bile acids leads to decreased regeneration (Huang et al.,
2006). The elevation of bile acids in plasma occurs several hours after PHx, thus it is unlikely
that they contribute to the immediate early changes after PHx described above. Nonetheless,
the finding is very interesting. In the same study, mice with genetic deficiency of FXR, a
transcription factor mediating nuclear events induced by bile acids, also have defective
regeneration. There are several examples of xenobiotics ligating specific transcription factors
or nuclear hormone receptors in hepatocytes and inducing liver enlargement. These include
triiodothyronine (T3) (Short et al., 1980; Ledda-Columbano et al., 2000), agonists of PPARa
(Reddy and Chu, 1996), estrogens (Yager et al., 1994), barbiturates (acting on CAR and PXR)
(Columbano et al., 2005), and others. Hepatic enlargement is mediated in part by hepatocyte
proliferation and in part by hepatocyte enlargement. The signaling pathways by which these
chemicals exert these effects, are not clear. These pathways have not been shown so far to be
associated with signaling patterns seen during liver regeneration (Columbano and Shinozuka,
1996; Columbano et al., 1997; Menegazzi et al., 1997; Ledda-Columbano et al., 2002). FXR
is the first nuclear hormone receptor to be associated with proliferative events leading to
regeneration of the liver and it sets a paradigm for discovery of other such nuclear hormone
receptors as potentially having similar effects.

Mice with decreased platelet numbers have attenuated liver regeneration. Platelets contain
many bioactive substances, including HGF, TGFB1 and serotonin. A recent study (Lesurtel et
al., 2006) demonstrated that supplementation of thrombocytopenic mice with serotonin
reversed many of the effects of platelet depletion. Mice with low levels of serotonin (deficient
in tryptophan hydroxylase 1) have low levels of platelet serotonin and they also have deficient
regeneration. The mechanisms by which serotonin exerts these effects are not clear. Serotonin
is not a direct or indirect mitogen for hepatocytes in culture, thus its effects on this process are
likely to be indirect. It may affect the concentration and/or release of other platelet components
(HGF, TGFB1) known to have an effect on regeneration. It effects on hepatocytes in culture
need to be investigated, as with norepinephrine, in order to sort out the mechanism of its action.
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Components of complement

Mice deficient in components of complement C3 and C5 have defective regenerative responses
to both PHx and to recovery from centrilobular necrosis following injury with CCI4.
Administration of the missing components restores the efficiency of the regenerative response
(Strey et al., 2003; DeAngelis et al., 2006; Tsonis et al., 2006). The mechanism for this is not
clear and the phenomenon warrants detail mechanistic investigation.

Leptin, steatosis, and liver regeneration

There is emerging literature to suggest that excessive accumulation of fat in hepatocytes
interferes with liver regeneration (Torbenson et al., 2002; Diehl, 2005). Leptin deficient db/db
mice have excessive hepatic steatosis and impaired liver regeneration (Yamauchi et al.,
2003). The mechanisms are not clear. In a similar model (ob/ob mice), neither administration
of leptin nor correction of steatosis correct the regeneration response (Leclercq et al., 2006).
Further complicating the issue, regenerating liver hepatocytes normally accumulate fat micro-
droplets. This transient fatty liver occurs in the rat from 24 to 72 h after PHx and disappears
by itself (Michalopoulos and DeFrances, 1997). The process is thought to represent a metabolic
adaptation of hepatocytes so that the emerging new cells have readily available energy as well
as materials they can use to build cellular membranes etc. Recent studies have shown that this
phenomenon is an essential component of the regenerative process and that interference with
the accumulation of fat actually blocks liver regeneration (Shteyer et al., 2004). This
physiologic accumulation of fat micro-droplets is dependent on caveolin, and caveolin-
knockout mice have defective liver regeneration (Fernandez et al., 2006).

Notch and jagged

Insulin

There are several members to this family of proteins and they compose a complex network
mediating ligand—receptor interactions between cells, in tissues undergoing differentiation and
proliferation related changes (Mumm and Kopan, 2000; Baron et al., 2002; Baron, 2003). Notch
proteins are considered to be the receptors, but both Notch and Jagged protein family members
are anchored on the plasma membrane with a transmembrane domain. Binding of Jagged to
Notch leads to a complex cascade of proteolytic events whereby the intracellular domain of
Notch (NICD) is cleaved and migrates to the nucleus, where it functions as a transcription
factor (co-activator) and mediates expression of several genes related to cell cycle, including
Myc and Cyclin D1 (Ronchini and Capobianco, 2001). Mutations in Jagged-1 are the cause of
Alagille syndrome in humans, characterized, among other symptoms, with paucity of
intrahepatic bile ducts. The genes HES-1 and HES-5 are directly regulated by Notch. As
mentioned above, NICD migrates to hepatocyte nuclei at 15 min after PHx (Kohler et al.,
2004). HES-1 and HES-5 are also upregulated within 30 min after PHx. There is increased
expression of Notch-1 and Jagged-1 from 3 h to 4 days after PHx. Treatment with RNAi against
either Notch-1 or Jagged-1 partially suppressed regeneration and recombinant Jagged-1
induced DNA synthesis in hepatocyte cultures. On the other hand, elimination of Notch using
a Cre/Lox system soon after birth from the entire body resulted in an adaptive hepatic nodular
hyperplasia (Croquelois et al., 2005). These mice, however, also had a defective liver
regeneration. The Notch/Jagged system needs to be further studied in relation to regeneration
and it is likely to mediate many direct cell-cell interactions involving hepatocytes and other
cell types. The story is likely to be complex since hepatocytes and biliary cells express both
Notch-1 and Jagged-1.

Liver is the first recipient of all the insulin produced by the endocrine pancreas, since it is
delivered through the portal vein. Diabetes (either through insulin deficiency or through insulin
resistance) causes a mild to severe steatohepatitis that may even lead to cirrhosis. Diversion of

J Cell Physiol. Author manuscript; available in PMC 2009 June 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Michalopoulos

Page 12

the portal vein flow to vena cava (portacaval shunt) forces insulin to bypass the liver. Liver
atrophies to about 1/3 of its size (Bucher, 1976; Bucher and Weir, 1976; Thompson et al.,
1983; Evarts et al., 1986). Administration of insulin directly to the liver in animals with
experimental portacaval shunts reverses hepatic atrophy, and is associated with rapid
hepatocyte proliferation. Hepatocytes in culture have diminished response to mitogens in the
absence of insulin (Cruise et al., 1985). Insulin is clearly a very important regulator of
hepatocyte functions at all times and it is very likely involved in the metabolic adaptations that
hepatocytes have to undergo to provide homeostatic functions during liver regeneration.
Insulin, however, is not a direct mitogen for hepatocytes.

Signaling Interactions Between Different Hepatic Cell Types During Liver
Regeneration

There is myriad of complex interactions between different cell types in normal quiescent liver.
A whole new pattern of interactions is activated at different stages of liver regeneration, based
on production of growth factors and cytokines which exercise paracrine effects. A summary
of these interactions is shown in Figure 2. The overall changes seen are mimicking themes seen
in wound healing and tumor biology. In those conditions, the main epithelial cells of the tissue
(or tumor) generate paracrine signals inducing proliferation of stromal cells, in order to provide
connective tissue and blood vessels for tumor growth of wound healing. Hepatocytes are the
first to undergo proliferation, based on external stimuli from a variety of sources, as discussed
above. HGF is rapidly becoming available to hepatocytes very rapidly through matrix
remodeling and local release and activation induced by uPA (see above). Stellate cells and
endothelial cells are sources of new HGF, synthesized after 3 h following PHx. A very
important aspect of signaling that aims to restore true hepatic tissue is mediated by the host of
growth factors produced by hepatocytes during regeneration. Hepatocytes produce growth
factors mitogenic for stellate cells (PDGF) (Pinzani, 2002) as well for endothelial cells. The
latter include VEGF, FGF1, FGF2, SCF, Angiopoietins 1 and 2, and TGFa (Ross et al.,
2001;Sato et al., 2001;Yu et al., 2003;Shimizu et al., 2005;Papastefanou et al., 2007).
Proliferation of endothelial cells aimed to restore the network of sinusoids occurs during a
broad period of time, from days 3-6 after PHx. The prevalent view is that endothelial cells
attracted by VEGF penetrate clusters of newly proliferated yet not fully vascularized
hepatocytes and re-establish a sinusoidal network. Increases in VEGF receptors 1 and 2,
angiopoietin receptors Tie-1, Tie-2, and platelet-derived growth factor receptor beta (PDGF-
Rp) have been observed in the proliferating endothelial cells. Increase in Tie-1 was specifically
seen in endothelial cells surrounding clusters of newly proliferated hepatocytes (Ross et al.,
2001). It may mediate a paracrine response to Angiopoietin 1 produced by the hepatocytes, in
order to facilitate neovascularization. It is of interest that administration of VEGF in whole
animals induces proliferation of both endothelial cells and hepatocytes, whereas VEGF is not
mitogenic in pure hepatocyte cultures. This is due to the fact that endothelial cells themselves
produce HGF, stimulated by VEGF (produced by hepatocytes) acting through VEGFR1
(LeCouter etal., 2003). Thus, hepatocytes and endothelial cells establish a network of mutually
assisted proliferation. Kupffer cells have not been clearly proven to proliferate during
regeneration and their numbers may be affected by migration from precursor cells in the bone
marrow. Kupffer cells, however, do produce TNF and IL6, which appear to have contributory
roles on Stat3 and NFkB activation during the early stages of liver regeneration. Depletion of
Kupffer cells by gadolinium chloride causes delay and attenuation of regeneration (Webber et
al., 1998).

Despite the large number of signaling networks already discovered, the number of cytokines
involved in this process is likely to continue to grow. Nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin 3 (NT-3), neurotrophin 4/5 (NT-4/5), the low-

affinity NGF receptor p75, and the high-affinity tyrosine kinase receptors (Trk) B and C have
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been found in hepatic stellate cells, well known for their gene expression pattern similarity to
brain astrocytes (Cassiman et al., 2001). Regeneration of stellate cells is dependent on
expression of neurotrophin receptors and hepatic regeneration is not proceeding normally in
mice with genetic deficiency in the neurotrophin receptor p75NTR (Passino et al., 2007). These
stellate cells are also deficient in production of HGF, which may correlate with decreased
hepatocyte proliferation seen under some conditions (not including PHx) in these mice. Stellate
cells also can produce norepinephrine (Oben et al., 2003). NGF is regulating apoptosis in
stellate cells (Asai et al., 2006). Overall, the pathways and cellular kinetics controlling
proliferation of stellate cells during liver regeneration have not been fully studied and need to
be better understood.

TGFB1: An Essential Regenerative Cytokine or a Regeneration Terminator?

Few cytokines have elicited as much interest and contradiction in liver growth biology as
TGFB1. Itis produced predominantly by stellate cells (Ikeda et al., 1998), but most cells in all
tissues have been shown to produce TGFB1 at some point in their life cycle. It is not clear
whether hepatocytes actually produce TGFB1, though it is produced by most carcinomas
derived from hepatocytes or hepatoblasts (Luo et al., 2006). TGFB1 is mito-inhibitory for most
epithelial cells and it is produced by mesenchymal cells in most tissues. It stimulates synthesis
of multiple extracellular matrix proteins from mesenchymal cells (Roberts et al., 1992). It
inhibits proliferation of hepatocytes in culture (Houck and Michalopoulos, 1989), suppresses
production of HGF (Gohda et al., 1992) and suppresses expression of urokinase and activation
of HGF (Mars et al., 1996). When administered in high doses, TGFB1 delays or partially
suppresses the peak of DNA synthesis at 24h after PHx (Russell et al., 1988). HGF and EGF,
whose receptors are activated fully prior to the upregulation of TGFB1, are known to induce
synthesis of TGFBL1 in hepatic organoid cultures and may be the signals behind the TGFB1 rise
during regeneration (Michalopoulos et al., 2001). Given its mito-inhibitory properties on
hepatocytes, it is enigmatic that TGFB1 is produced at high levels during liver regeneration.
New TGFp1 synthesis starts at 2-3 h after PHx and it remains elevated until 72 h (Jakowlew
et al., 1991). Similar to other cytokines involved in this process, TGFB1 levels also rise in the
plasma very shortly after PHx and remain elevated for several hours (Michalopoulos and
DeFrances, 2005b). Hepatocytes from regenerating liver are resistant to the mito-inhibitory
effects of TGFB1, and the expression of TGFB1 receptors I, Il decreases in the first 48 h after
PHx (Houck and Michalopoulos, 1989; Chari et al., 1995). Resistance to TGFB1 might be
conferred by the decrease in expression of its receptors, or by the high levels of norepinephrine
(see above) or by the fact that regenerating hepatocytes produce TGFa. Whatever the
mechanism, regenerating hepatocytes manage to escape the mito-inhibitory effect, leaving the
question as to the function served by TGFB1. To better understand (or, more effectively
speculate) on the role of TGFB1, we need to examine changes related to it both at the beginning
and at the end of the regenerative process. Immunohistochemistry for TGFB1 shows that the
protein is gradually being removed as a wave from the periportal to the pericentral regions
(Jirtle et al., 1991). This has not as yet been correlated with similar changes in TGFB1 binding
proteins, such as decorin. Of interest, behind the edge of TGFB1 removal, there is a wave of
proliferating hepatocytes in mitosis. This suggests that removal of TGFB1 protein from the
liver parenchyma (corresponding with its rise in the plasma) is a necessary step to allow
hepatocytes to proliferate. The experiments with dominant negative constructs against
receptors for either TGFB1 or activin (see Il above) also suggest that TGFB1 plays an active
role in normal quiescent liver in keeping hepatocytes in GO phase, by exercising a “tonic” effect
and enabling them to carry their differentiated functions (Kogure et al., 2000; Ichikawa et al.,
2001). Removal and inactivation of TGFB1 (by binding to alpha-2-macroglobulin in the plasma
(LaMarreetal., 1991), and mobilization and activation of HGF (Pediaditakis et al., 2001) create
an imbalance of agonists and antagonists that undoubtedly contributes to the mitogenic
signaling cascade for hepatocytes.
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Given its mito-inhibitory properties and its upregulated expression as regeneration advances,
TGFp1 has been thought as being the natural stimulus that terminates liver regeneration. While
this hypothesis is attractive, there has not been much experimental support for it. Mice with
transgenic over-expression of TGFB1 in hepatocytes do regenerate almost normally, despite
the presence of very high TGFp1 levels in liver and plasma (Sanderson et al., 1995). Knockout
mouse strains with elimination of TGFB1 receptors have normal ending of liver regeneration,
unless there is concurrent elimination of activin by administration of follistatin (Oe et al.,
2004). Activin is also a mito-inhibitor for hepatocytes (Ho et al., 2004). It is possible that
termination of regeneration requires the combined effect of both activin and TGFp1.

Regardless of its potential as a regeneration terminator, TGFB1 is thought to play an important
role to play in the assembly of hepatic tissue towards the end of regeneration. TGFB1 stimulates
production of many extracellular matrix proteins in many tissues including liver. TGFB1 also
stimulates tubulogenesis and formation of neovascular structures in endothelial cells in
collagen gels (Pepper et al., 1993; Holifield et al., 2004). New extracellular matrix is being
synthesized at the end of regeneration, and the process of forming the new sinusoidal capillary
network also occurs after 3 days post-PHx, both at a time when TGFB1 expression is at its
highest levels. TGFB1 also rises at the end of wound healing in association with similar events
(Murphy et al., 2006). It is also produced by tumors at high levels, and it is thought to be
associated with production of tumor matrix by the stromal cells.

Termination of Liver Regeneration

Though much less studied and even less understood, pathways leading to termination of liver
regeneration should be equally as important as those initiating the process. There is evidence
that the number of hepatocytes produced during regeneration may exceed the original. A small
wave of apoptosis in hepatocytes occurs at the end of regeneration (Sakamoto et al., 1999).
Liver weight of the expanded lobes becomes almost identical to the original total of the five
lobes (in rats and mice). Livers from large animals (dogs) transplanted to smaller animals
decrease in size, while the opposite is also true (as shown with livers from small to large dogs
and from baboons to humans (Starzl et al., 1993). These findings have raised the issue of an
existence of a “hepatostat” control system, which ensures that liver weight is as it should be
(and not more) for the performance of its homeostatic functions. With considerable evidence
discounting the role of any single cytokine (e.g., TGFp1) being the terminator of regeneration,
attention has been paid to other hepatocyte mito-inhibitors. Complex preparations of
extracellular matrix inhibit cell proliferation and enhance differentiation of hepatocytes in
culture. This has been shown with matrix extracts from the mouse EHS sarcoma (“Matrigel”
and with hydrated type | collagen gels (Rana et al., 1994; Michalopoulos et al., 1999).
Extracellular matrix signaling involves Integrin Linked Kinase (Gkretsi et al., 2007a). It is
tempting to speculate that the reassembly of the extracellular matrix and the sinusoidal capillary
network provides matrix-driven signaling that terminates the regenerative process (Fig. 3).
This may be direct signaling through integrins or signaling induced by TGFB1 (bound to the
newly synthesized decorin and again exerting a “tonic” mito-inhibitory effect). Synthesis of
new decorin, perlecan, and syndecan and collagen types | and I11 dramatically increase during
regeneration (Gallai et al., 1996; Rudolph et al., 1999). Newly synthesized matrix would also
be capable of binding HGF (a protein with high affinity to glycosaminoglycans and heparin)
and preventing it from being activated by urokinase, which is disappearing anyway at the end
of regeneration and its expression is inhibited by TGFB1 (Mars et al., 1996). This set of events
would bring hepatocytes back into a state of quiescence, surrounded by HGF (bound to
glycosaminoglycans) and TGFB1 (bound to decorin). In this scenario, early mitogenic stimuli
such HGF and EGF drive both hepatocyte proliferation as well enhanced expression of
TGFp1. Proliferating hepatocytes become resistant to TGFp1; the latter however stimulates
production of extracellular matrix and formation of hepatic sinusoids. It also inhibits expression
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of urokinase and HGF (see above). New extracellular matrix synthesis by stellate cells
stimulated by TGFB1 restores binding of both HGF and TGFp1 and reestablishes quiescence
of hepatocytes in GO. From this perspective, TGFp1 is not a direct terminator of regeneration,
but it orchestrates multiple events as part of a large feedback loop. This loop starts with the
early mitogenic signals after PHx, involves triggering of TGFB1 synthesis by the mitogens
(HGF, EGF) and eventually results in termination of the regenerative process by synthesis of
new extracellular matrix. As for the components of the “hepatostat,” it is also likely that
increased flow of blood through the portal vein (in the small liver to large animal) or vice versa
would tend to initiate (or eliminate) some of the stimuli of the regenerative process, albeit at
a smaller scale. As an example, small grafts for the size of the recipient are associated with
increased plasma levels of both HGF and TGFf1 in the human, as with response to PHx in the
rat (Ninomiya et al., 2003).

The liver weight changes associated with physiologic events (e.g., hepatic enlargement during
pregnancy) are likely to be mediated not through the classic pathways associated with
regeneration, but through hepatic enlargement mediated by nuclear hormone receptors.
Estrogens (acting through the ER receptors) have such an effect. Of interest, estradiol also
enhances effects of mitogens and suppresses effects of TGFB1 in hepatocytes cultures, similar
to norepinephrine (see above). Many xenobiotics cause liver enlargement. The pathways
leading to this are not fully understood and it seems that transcription factors such as PPAR
(for peroxisome proliferators) and CAR may play a role (Ueda et al., 2002). Some of the liver
enlargement is caused by direct effects on the size of hepatocytes. Phenobarbital, associated
with a dramatic enlargement of liver in humans and rodents, causes primarily hepatocyte
hypertrophy. This is probably due to induction and enhanced nuclear translocation of HNF4
by phenobarbital (Bell and Michalopoulos, 2006). This effect is independent of CAR or PXR.
Removal of the xenobiotic causing liver enlargement is always associated with a return to the
original liver size, mediated by a wave of hepatocyte apoptosis until liver weight returns to
normal (Reddy et al., 1978). Extracellular matrix signaling may be involved. Acute removal
of ILK and matrix signaling from hepatocytes causes massive hepatic apoptosis (Gkretsi et al.,
2007b). This process of liver weight adjustment by apoptosis is very little understood.

If Hepatocytes Cannot Proliferate, What Are the Regenerative Alternatives?

Hepatocyte proliferation may be blocked if the tissue injury is too severe, as in humans with
fulminant hepatitis. Experimentally, hepatocyte proliferation is blocked by the use of the
chemical AAF (N-acetylaminofluorene). On long-term administration, AAF is a carcinogenic
substance. Given for a short period of time, it blocks hepatocyte proliferation, probably by
forming AAF-DNA adducts which trigger proliferative arrest via p53 and p21 (Ohlson et al.,
1998). When PHXx is performed in animals given AAF, hepatocytes cannot proliferate. Starting
at day 2-3 after PHx, biliary epithelial cells of the portal ductules and canals of Herring (small
tubules lined by epithelium with biliary morphology, which connect the network of hepatocyte
bile canaliculi to the portal biliary ductules) begin expressing hepatocyte-associated
transcription factors (Nagy et al., 1994). Shortly thereafter, there is an increasing number of
cells with mixed biliary and hepatocytic gene expression patterns, as well as some markers of
their own (Sell, 1994). These cells have been called “oval” cells, from the shape of their nucleus.
Oval cells proliferate intensely in the periportal areas of the hepatic lobule and they are heavily
infiltrated by stellate cells; the latter intertwine with the oval cells and produce HGF, FGF1,
FGF2, and VEGF (Evarts et al., 1993; Fujio et al., 1994). Other factors, such as somatostatin,
stromal cell derived factor 1 (SDF1) and connective tissue growth factor also play a role (Pi
et al., 2005; Jung et al., 2006; Zheng et al., 2006). Oval cells express both albumin and alpha
fetoprotein. Four to five days after their expansion as a population, they become basophilic
hepatocytes and eventually mature hepatocytes, and they restore liver size and histology
(Evarts et al., 1989, 1996). The origin of the oval cells has been much debated. A strong
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argument for their origin from biliary cells is their early gene expression patterns which strongly
resemble biliary cells, and the fact that biliary cells begin expressing hepatocyte-associated
transcription factors before oval cells appear. Additionally, when DAPM (a toxin which
selectively destroys biliary cells), is given before the initiation of the AAF/PHXx protocol, it
destroys the biliary epithelium and prevents the appearance of the oval cells (Petersen et al.,
1997). There is no histologic observation demonstrating an oval cell population in any non-
biliary compartment in a normal liver. Cells equivalent to oval cells, called “ductular
hepatocytes,” are also seen in humans during fulminant hepatitis following extensive liver
injury (by chemicals, viruses, etc.) and they are assumed to pay a role similar to oval cells in
restoring hepatocyte populations. It should be noted that pancreatic ductules have also been
viewed as the source of progenitor cells for both acinar cells and islet cells of the pancreas
(Rao and Reddy, 1995).

Hepatocytes and Biliary Epithelial Cells as Facultative Stem Cells for Each

Other

As discussed above, biliary epithelial cells can become oval cells and they in turn become
hepatocytes, restoring liver regeneration when hepatocytes cannot proliferate. This imparts
properties of facultative stem cells (Alison et al., 2001) to biliary cells for hepatocytes. The
term “facultative” implies that biliary cells under normal circumstances perform their normal
functions (transport of bile). Under selective circumstances, however, they can become stem
cells for hepatocytes. Clinical histologic observations have suggested that periportal
hepatocytes may also be facultative stem cells for biliary cells, transforming into biliary cells
when the latter cannot proliferate to repair biliary epithelium during chronic injury (e.g.,
primary biliary cirrhosis, primary sclerosing cholangitis) (Crosby et al., 1998). This
phenomenon has now been demonstrated experimentally in rats with chimeric livers (Laconi
et al., 1998). Periportal hepatocytes can transform into biliary epithelial cells when the latter
are destroyed by DAPM and bile ducts are simultaneously obstructed. Biliary obstruction is
known to lead to bile ductule proliferation and, under the conditions described above, more
than 50% of the newly emerging ductules carry markers unique to one of the two populations
of the hepatocytes of the chimeric liver (Michalopoulos et al., 2005a). These findings clearly
demonstrate that hepatocytes are also facultative stem cells for the biliary epithelium. As shown
in Figure 4, the two types of epithelial cells of the liver (hepatocytes and biliary cells) constitute
a bipolar system of facultative stem cells for each other, fully capable of repairing liver
histology even when the classic regeneration fails.

Stems Cells in the Liver: Do They Exist? Are They Needed? Where do They
Come From?

The findings for hepatocytes and biliary cells discussed above raise questions about the very
existence of full-time, committed, stem cells in the liver. Such cells exist in the epidermis (basal
layer), intestine (cells of the crypts), and bone marrow (hematopoietic stem cells, isolated and
demonstrable by cell sorting). In these other tissues, the stem cells of the tissue exist on a full-
time basis, they can be seen by casual examination of the histology of the tissue and they are
committed to “stemness” as their single function. Liver histology does not contain any cells
that appear to be full-time, committed, stem cells. The term “progenitor cells” has often being
used for oval cells, and it is a useful term as long as it is remembered that these cells normally
do not exist. It is quite possible that there are subpopulations of both hepatocytes (periportal
cells?) and biliary cells (canals of Herring?) which may have a higher propensity to function
as facultative stem cells compared to other cells of their kind. All these cells, however, function
as hepatocytes and biliary epithelial cells under normal circumstances.
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There also has been considerable discussion that bone marrow derived hematopoietic stem
cells can trans-differentiate into hepatocytes or oval cells and rescue the liver when all other
means of regeneration fail (Petersen et al., 1999). A dramatic demonstration of this
phenomenon was the rescue of mice with tyrosinemia (due to congenital deficiency of the
enzyme FAH, involved in the degradation of tyrosine, see below). Injection of bone marrow
from normal mice gave rise to a large number of normal appearing hepatocytes and rescued
the liver (Lagasse et al., 2000). Subsequent studies, however, showed that hematopoietic stem
cells have the capacity to fuse with other cell targets (Terada et al., 2002). Karyotypic analysis
of the hepatocytes derived from bone marrow in the FAH model showed that the apparently
normal hepatocytes were the result of fusion between the bone marrow (FAH*/*) cells and the
FAH™'~ hepatocytes of the host mouse (Wang et al., 2003). This was found to also be true in
other tissues (heart, muscle) in which hematopoietic stem cells apparently give rise to other
non-hematologic cell types. It is now generally agreed upon that if there are circumstances in
which hematopoietic stem cells give rise to hepatocytes in the liver by trans-differentiation,
the phenomenon must be extremely rare (Fausto, 2004). On the other hand, there are several
examples of bone marrow cell cultures in which, under the influence of HGF, hematopoietic
cells apparently transform into cells very similarto hepatocytes, producing albumin (Miyazaki
et al., 2004). This implies that, under conditions hitherto unknown and unavailable, this trans-
differentiation of hemopoietic cells to hepatocytes could at some point become a controlled
and useful process. Similar trans-differentiation into hepatocyte-like cells in culture has also
been shown for amniotic cells (Miki and Strom, 2006). Despite the ups and downs in the story
of bone marrow cells trans-differentiating into hepatocytes in vivo, the phenomenon is actively
being investigated (Oh et al., 2007) and its full potential remains a target for further study.

Do Hepatocytes Have Unusual and Unique Growth Properties In Vivo?

Hepatocytes in humans and rodents are polyploid cells with highly complex gene expression
patterns. Their behavior during liver regeneration shows that they can undergo one or two
rounds of cell proliferation. The literature reports one record number of 12 sequential
hepatectomies being performed without failure of the regenerative potential of the liver
(Stocker et al., 1973). A more extreme paradigm, however, was demonstrated in the mouse
tyrosinemia model (FAH~ mice). Due to absence of the enzyme FAH, a toxic metabolite is
generated which causes hepatocyte death and liver failure. These mice can survive if given the
drug NTBC, which blocks another enzyme of tyrosine catabolism upstream of FAH and
prevents the formation of the toxic metabolite. When NTBC is withdrawn, mice rapidly enter
into liver failure. At that point, injection of hepatocytes from normal mice rescues the liver
(and the animal), because the injected normal hepatocytes enter into rapid proliferation, re-
establish liver mass, and restore normal liver histology. Normal hepatocytes isolated from the
first generation of rescued mice can be used in the same manner to rescue a second generation
of mice. This was repeated seriatim and up to 10 consecutive generations of mice were rescued
from hepatocytes isolated from one original mouse. It was calculated that under the
mathematics of the system one hepatocyte from a normal mouse could give rise to 50 mouse
livers! (Overturf et al., 1997). With exception of neoplastic cells, and perhaps hematopoietic
stem cells, there is no other example of a cell that can expand as much, in vivo or in cell culture.
Cell fusion between FAH*/* and FAH ~/~ hepatocytes could be the only alternative explanation,
but it has been apparently ruled out. The phenomenon needs to be better understood, but it does
place the hepatocytes in a unique category of proliferative capability compared to other cells
in the body. Hepatocytes in culture are capable of reactivating telomerase functions and this
may underlie their unique (almost endless) capacity to proliferate in vivo, despite their very
complex phenotype (Nozawa et al., 1999).
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Liver Regeneration in the Embryo?

Signaling patterns involving cardiac mesenchyme and ventral endoderm are very complex and
they result in formation of the liver primordium. There are several excellent studies in this
subject, and they have implicated FGF growth factor family members and BMP family
members, as inducing with hepatic anlagen commitment, specification, and differentiation
(Lee et al., 2005; Battle et al., 2006; Zaret, 2006). Several transcription factors are induced in
a sequential manner to control phenomena orchestrating this process. These studies are not part
of this review. A recent study however showed that partial destruction of hepatic precursor
cells immediately after their emergence results in an embryonic liver which initially is much
smaller than. It does expand rapidly however, and at birth, the size of the liver of treated mice
is indistinguishable to that of the control (Stanger et al., 2007). This suggests that, even though
the signaling pathways controlling hepatic embryogenesis appear to be different from those of
regeneration, the embryonic liver has the capacity to undergo a regenerative expansion even
during embryonic development. In the same study, this was found not to be true for pancreas.

Conclusion

Despite multiple studies of liver regeneration, many aspects of this phenomenon remain to be
further understood. The changes associated with PHXx that constitute the “first trigger” (prior
to urokinase elevation, Notch and beta catenin nuclear migration, etc.) are still not clear, but
it is inevitable that the large hemodynamic alterations seen after in the remnant liver after PHx
must play a role. Equally unclear but slightly better understood are the signaling pathways
leading to the end of regeneration at the right time. In skin, intestine and blood, tissue restoration
occurs by proliferation of stem cells, and it is a “local” affair. Wound healing and associated
phenomena, with which liver regeneration has many similarities, is also a “local” affair. With
liver, this is not the case. Liver function affects the entire body and consequences of liver failure
are anything but local. The fully differentiated hepatocytes continue to carry the burden of
maintaining homeostasis for the entire body and at the same time, restoring liver mass. Many
recent studies are focusing on the signaling pathways that allow hepatocytes to maintain most
of their homeostatic functions and proliferate at the same time. This aspect of liver regeneration,
as well as the events of the very beginning and the (well regulated) end of regeneration can be
better studied, now that a solid framework of growth factors, cytokines and cellular events
regulating regeneration has been laid out.
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Increased circulating plasma levels of HGF, ILE, TNF, TGF[i1,
Norepinephrine, bile acids, serotonin and hyaluronic acid peak at 1-3 hours
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Fig. 1.

q

Hepatocyte DNA synthesis

Chronology of key events occurring at the early stages of liver regeneration after partial
hepatectomy. Events within similarly colored boxes belong in the same category (e.g., green:
growth factor related events; blue: plasma related changes, etc.). The associated horizontal
lines for each box delineate the beginning and the duration of each signal.
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Fig. 2.
Signaling interactions between different hepatic cell types during liver regeneration.
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Feedback loop between
mitogens HGF and EGF,
cytokine TGF31 and ECM
leading to initiation and
termination of liver
regeneration
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extracellular matrix.
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Fig. 3.

Hepatocytes
return to GO

Schematic of a feedback loop between growth factors, TGFB1, and extracellular matrix,
controlling early and late stages of regeneration. Mitogens (HGF and EGF) upregulate
expression of TGFB1 by stellate cells. The latter stimulates synthesis of new extracellular
matrix, while eventually blocking synthesis of new HGF and expression of urokinase. The
newly synthesized extracellular matrix supports binding of single chain HGF and TGF§1
around hepatocytes and restoration of quiescence (GO phase). Arrows of the same color denote
similar origin of the input and output of the same signaling process.
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Cells from the biliary compartment (portal ductules and canals of Herring) transform into oval
cells and these become hepatocytes when proliferation of hepatocytes is inhibited during
regeneration. Periportal hepatocytes can also convert to biliary cells when there is injury to
biliary cells but their capacity for self-repair is inhibited. Hepatocytes and biliary cells are
facultative stem cells for each other.

J Cell Physiol. Author manuscript; available in PMC 2009 June 24.

Hepatocytes

Pericentral




1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Michalopoulos Page 34

TABLE 1
Chronology of concurrent early (first 1 h) signaling events after PHx

Multiple signaling pathways involving both growth factors, cytokines, paracrine signals, and neuroendocrine factors occur simultaneously within the
first 60 min after PHx. These include:

« Increase in urokinase activity (first 5 min)

« Translocation of N(otch) ICD to the nucleus (15 min)

« Translocation of beta-catenin to the nucleus (5-10 min to 6 h)

« Decrease in HGF biomatrix stores (30 min to 3 h)

« Activation of the HGF receptor (within 30-60 min)

* Activation of the EGF receptor (within 30—60 min)

« Increase of HGF, Norepinephrine, IL6, TNFa, TGFb1 and hyaluronic acid in the plasma (1-2 h)
« Activation of AP1, NFkB, and STAT3 (30-60 min)

« Extensive gene expression reprogramming of hepatocytes within 30 min after PHx
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