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        Introduction 

 Normally the liver has a low level of hepatocyte turno-
ver, but in response to modest hepatocyte loss, a rapid 
regenerative response occurs from all cell types in the 
liver to restore organ homeostasis (comprehensively 
reviewed in  [1, 2] ). More severe liver injury, particularly 
chronic repetitive injury (e.g., chronic viral hepatitis), is 
often associated with hepatocyte replicative senescence. 
This activates facultative stem cells of biliary origin that 
give rise to cords (the “ductular reaction”) of bipotential 
transit-amplifying cells (named oval cells [OCs] in 

rodents and HPCs in humans) that can differentiate into 
either hepatocytes or cholangiocytes. Moreover, the 
major primary tumors of the liver (hepatocellular carci-
noma [HCC] and cholangiocarcinoma [CC]) invariably 
arise in a setting of chronic infl ammation that is accom-
panied by both hepatocyte regeneration and ductular 
reactions, and while it seems that the founder cell of CCs 
is a proliferating cholangiocyte, the morphological het-
erogeneity often observed in HCCs suggests that these 
tumors can arise from bipotential HPCs as well as more 
mature hepatocytes. HCCs also appear to possess sub-
populations of cancer stem cells, which are responsible 

   Summary  

 In a healthy adult liver, the rate of cell turnover is very low. Following acute liver injury, restoration of parenchymal 
mass is achieved by proliferation of normally mitotically quiescent hepatocytes. However, chronic liver injury 
results in the loss of this proliferative capacity of the hepatocytes, as increasing numbers of cells become senescent. 
In this situation, there is activation of hepatic progenitor cells (HPCs) from within the intrahepatic biliary tree. 
These bipotential cells are capable of supplying biliary cells and hepatocytes. In animal models, there is some 
controversy regarding the relative contribution to parenchymal regeneration from these two compartments, but 
human studies are compatible with the suggestion that as the severity and chronicity of the liver injury increase, 
immature progenitor cells contribute more to regeneration than mature hepatocytes. We are now beginning to 
understand the molecular signals and niche requirements that govern their cell fate. Alongside the parenchymal 
regeneration in chronic liver injury, there is a stereotypical wound-healing response with activation of hepatic 
stellate cells (HSCs) into scar-forming myofi broblasts and deposition of collagen. This change in the extracellular 
matrix (ECM) affects the regenerative capacity of the liver, and excess scar tissue can impair liver regeneration 
from either hepatocytes or HPCs. 
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In humans, EpCAM  +  NCAM  +   cells in the periportally 
located canals of Hering have been identifi ed as puta-
tive HPCs and it is suggested that there are eight matu-
rational lineage stages moving from the periportal 
(progenitor) region to the perivenous region. 

 An important question remains: is the liver organized 
like the intestine, with a unidirectional fl ux of cells that 
are “born” in the portal area and migrate along a trajec-
tory leading to the hepatic veins? This so-called stream-
ing liver hypothesis was fi rst advocated by Gershom 
Zajicek and colleagues (reviewed in  [2] ); examining the 
location of labeled hepatocytes in intact adult rat livers 
over time after a single injection of tritiated thymidine, 
they suggested that hepatocytes moved at a speed of 
over 2  μ m/day from the periportal region to the central 
vein. A recent murine study by Furuyama and col-
leagues  [3]  (reviewed in  [4] ) appears to support the idea 
that hepatocytes migrate centrifugally from portal areas 
(Figure  1.1 ). They examined the expression of the embry-

for continued tumor propagation and metastasis, and a 
number of phenotypic markers have been proposed for 
their identifi cation.  

  Liver  t urnover and  r egeneration 

  Kinetic  o rganization 

 The healthy liver in adults is mitotically quiescent with 
levels of proliferation suggesting a turnover time for 
hepatocytes in excess of a year. Nevertheless, there is 
still considerable debate as to how the liver is organized. 
Most studies concur that hepatic stem cells are located 
in the periportal region; for example, in the mouse, 
bromodeoxyuridine (BrdU) pulse-chase analysis follow-
ing two rounds of acetaminophen intoxication has 
observed so-called label-retaining cells (LRCs), consid-
ered to be slowly dividing progenitor cells, as both inter-
lobular cholangiocytes and peribiliary hepatocytes  [2] . 

  Figure 1.1         Top: Strategy of the genetic lineage-tracing 
study employed by Furuyama  et al.   [3]  using tamoxifen-
induced Cre-mediated cell tracking using Sox9IRES-CreERT2; 
Rosa26R mice. Bottom: Schematic illustrating the spread of 
X-gal staining after 8-week-old mice were injected with 
tamoxifen. After one day, only intrahepatic bile duct cells are 

labeled, but later X-gal-positive hepatocytes gradually spread 
from the portal tracts to the central veins, thus supporting 
the streaming liver hypothesis.  See Alison and Lin  [4]  for 
further details. (Source: Alison and Lin. Hepatology 2011, 53: 
1393–1396  [4] ).   (Color plate 1.1)  
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(mtDNA)-encoded cytochrome c oxidase (CCO) enzyme, 
all sharing an identical neutral mutation in the  CCO  
gene indicating derivation from a single cell. Signifi -
cantly, these CCO-defi cient patches were all connected 
to portal areas and had a portal vein–to–hepatic vein 
orientation (Figure  1.2 ), suggesting a “streaming” nature 
but without providing information of whether they are 
derived from a periportal progenitor cell or an inter-
lobular biliary cell. 

    Liver  r egeneration 

 The regenerative capacity of the liver is impressively 
demonstrated when two-thirds of the rat liver is surgi-
cally removed (a 2/3 partial hepatectomy, or 2/3 PH) 
and the residual liver then undergoes waves of hyper-
plasia and hypertrophy to restore preoperative liver 
mass within about 10 days  [1, 2] . After a 2/3 PH in 
healthy adult rats, all the normally proliferatively qui-
escent hepatocytes leave G 0  to semisynchronously enter 
the cell cycle. DNA synthesis is fi rst initiated in the peri-
portal hepatocytes at about 15 hours after PH, with a 
peak in the hepatocyte DNA synthesis labeling index of 
 ∼ 40% at 24 hours. Midzonal and centrilobular hepato-
cytes enter DNA synthesis at progressively later times, 
but the hyperplastic response in hepatocytes is essen-
tially complete by 96 hours, to be followed by a phase 
of hepatocyte hypertrophy. Elegant labeling studies 
have identifi ed three groups of regenerative hepatocytes 
in mice, with all cells dividing at least once, but with the 
periportal hepatocytes that divide fi rst dividing maybe 
three or more times after PH. 

 As might be expected, age has an adverse effect on 
the response; in old rats ( > 2 years old), a signifi cant 
number of hepatocytes do not proliferate after PH, 

onic transcription factor Sox9 in the liver. In human 
liver, immunohistochemistry identifi ed interlobular bile 
duct cells as Sox9-expressing cells, and a similar pattern 
was seen in adult mice when a reporter gene, either 
enhanced GFP or LacZ, was knocked into the  Sox9  locus. 
Adopting tamoxifen-inducible genetic lineage tracing 
from the  Sox9  locus, detecting Sox9-lineage cells by 
X-gal staining, Furuyama  et al.   [3]  found that X-gal posi-
tivity spread out from the portal areas toward the 
hepatic veins until the majority of hepatocytes were 
labeled within 8–12 months. Thus, the paper suggested 
that indeed cells “streamed,” but more importantly 
hepatic replacement was from cytokeratin 7 (CK7)–
Sox9-positive biliary cells, identifying cells within the 
biliary tree as drivers not only of hepatocyte replace-
ment when regeneration from existing hepatocytes is 
compromised (discussed further in this chapter) but 
also of normal hepatocyte turnover. However, there 
is controversy as other studies of mice have failed to 
fi nd evidence for the normal liver parenchyma being 
“fed” from the biliary system. Carpentier  et al.   [5]  also 
employed lineage labeling in mice, this time from Sox9-
expressing ductal plate cells in late embryonic develop-
ment (E15.5), fi nding that these cells gave rise to 
interlobular bile ducts, canals of Hering, and periportal 
hepatocytes, and that liver homeostasis did not require 
a continuous supply of cells from Sox9 progenitors. 
Iverson  et al.   [6]  have sought to quantify the dynamics 
of mouse liver turnover by lineage labeling following 
activation of an albumin– Cre  transgene, calculating that 
0.076% of hepatocytes had differentiated from albumin-
naïve cells over a 4-day period. 

  In human liver, Fellous  et al.   [7]  have identifi ed clonal 
populations of hepatocytes based upon fi nding large 
patches of cells defi cient in the mitochondrial DNA 

  Figure 1.2         (A) A single cytochrome c oxidase (CCO)–defi cient patch, appearing to emanate from the portal tract. (B) High-
power magnifi cation illustrates that within the patch there are CCO-positive sinusoid-lining cells (asterisks) indicative of 
different cells of origin from hepatocytes.  See Fellous  et al.   [7]  for further details. (Source: Fellous TG  et al.  Hepatology 2009, 49: 
1655–1663  [7] ).   (Color plate 1.2)  

(A) (B)
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such as Wnt2 and HGF  [10, 11] . Moreover, it seems that 
endothelial progenitor cells recruited from the bone 
marrow after PH provide the richest source of HGF  [11] . 
Hepatic stellate cells (HSCs) also support liver regenera-
tion and are activated by massive upregulation of delta-
like 1 homology (Dlk1) that represses  Ppar γ   in stellate 
cells  [12] . Regenerative competence in mouse and 
human also appears to be maintained by activation of 
telomerase activity in regenerating hepatocytes  [13] . 
Micro-RNAs (miRs) are also involved in regeneration 
after PH; for example, in mice there is upregulation of 
miR-21 in the priming phase that targets a proliferation 
inhibitor facilitating cyclin D1 translation, and down-
regulation of miR-378 that targets  odc1  messenger RNA 
(mRNA), ornithine decarboxylase activity being essen-
tial for DNA synthesis  [14] . In rats after PH, there are 
also dramatic changes in miRs, with upregulation of 
40% of investigated miRs in the priming phase and 
downregulation of 70% of miRs at 24 hours after PH, 
presumably facilitating maximal proliferation  [15] . 

 Equally important are the molecular mechanisms that 
curtail the regenerative response, ensuring the liver 
does not overcompensate for lost mass. Transforming 
growth factor beta (TGF β ) produced by stellate cells 
inhibits hepatocyte replication, and several mechanisms 
are involved in its production. In mice, serotonin acts on 
5-HT 2B  receptors in stellate cells, leading to phosphor-
ylation of JunD via ERK, resulting in recruitment of 
JunD to AP1 binding sites in the promoter region of the 
 tgf β 1  gene  [16] . The multidomain matrix glycoprotein 
thrombospondin-1 (Tsp1) is also involved in TGF β 1 pro-
duction in mice; Tsp1 is expressed by endothelial cells 
in response to reactive oxygen species (ROS) shortly 
after PH and binds to latent TGF β 1 complexes, convert-
ing them to active TGF β 1  [17] . The IL6 response is nega-
tively regulated through transcriptional upregulation of 
suppressor of cytokine signaling 3 (SOCS3), but SOCS3 
is not crucial for curtailing proliferation, for although 
SOCS3 knockout mice have higher levels of hepatocyte 
proliferation after PH than wild-type mice and restore 
preoperative liver weight 2 days earlier, proliferation 
stops after 4 days and liver weight does not go above 
normal  [18] . The Hippo pathway seems particularly 
important for curtailing liver size; the kinases Mst1 and 
Mst2 (the mammalian orthologs of  Drosophila  Hippo) 
are responsible for phosphorylating the Yes-associated 
protein (Yap) at Ser127, the mammalian ortholog of  Dro-
sophila  Yorkie, which is a transcriptional activator of cell 
cycle proteins such as Ki-67 and c-Myc – phosphoryla-
tion blocks its ability to translocate to the nucleus  [19] . 
Thus, overexpression of Yap in mice leads to massive 
liver weight increases (25% of body weight versus 5% 
normally)  [20] , and likewise Mst1 and Mst2 double 
knockouts also have massive livers and eventually 
develop HCC  [21, 22] . 

seemingly becoming reproductively senescent. To 
maintain liver homeostasis, the nonparenchymal cells 
(cholangiocytes and endothelial cells) must also expand 
their numbers, and their cell cycle entry is delayed a few 
hours behind that of hepatocytes  [2] .  

  Molecular  r egulation of  l iver  r egeneration 

 Numerous cytokines, growth factors, and signaling 
pathways have been implicated in (1) the initiation 
(priming) of hepatocytes in order to be responsive to 
liver mitogens, (2) the proliferative response itself, and 
(3) the curtailment of the response. The “priming phase” 
in the fi rst few hours after PH, which is probably instru-
mental in the G 0  to G 1  transition, is associated with the 
upregulation of many genes not expressed in the normal 
liver and is essentially cytokine driven  [2] , with activa-
tion of transcription factors such as activator protein 1 
(AP1), nuclear factor kappa-light-chain-enhancer of 
activated B (NF- κ B), and signal transducer and activator 
of transcription 3 (STAT3) being particularly important. 
The ultimate cause of cytokine accumulation is unclear, 
but enteric lipopolysaccharides may be the master regu-
lator of the innate immune response, and liver injury 
can be associated with a defective intestinal barrier 
leading to exposure to lipopolysaccharides and comple-
ment fragments. Such exposure activates the NF- κ B 
pathway in Kupffer cells, resulting in the production 
and secretion of interleukin 6 (IL6) that activates the 
JAK/STAT pathway, leading to the initiation of DNA 
synthesis in hepatocytes. In mice, complement activa-
tion (in particular, C3a and C5a) leads to the recruitment 
of natural killer T (NKT) cells and the production of 
IL4 by these cells  [8] . IL-4 maintains IgM levels and 
deposition in the liver, leading to increased C3a and C5a 
accumulation that in turn stimulates liver macrophages 
to produce IL6. The cytokine interleukin 1 receptor 
antagonist (IL1ra) is also important in the early phase of 
regeneration, reducing infl ammatory stress and thus 
promoting proliferation  [9] . 

 The proliferative response itself appears to be driven 
by a number of growth factors and signaling pathways, 
including IL6, tumor necrosis factor alpha (TNF α ), 
hepatocyte growth factor (HGF), amphiregulin, stem 
cell factor (SCF), insulin-like growth factor 1 (IGF1), T3, 
bone morphogenetic protein 7 (BMP7), Wnt,  β -catenin, 
Hedgehog (Hh), and phosphoinositide-3 kinase (PI3K), 
although no one factor or pathway appears crucial to 
the process  [2] . Some of these signals are autocrine, and 
others are paracrine; for example, in mice sinusoidal 
endothelial cells are involved in hepatocyte regenera-
tion with vascular endothelial growth factor receptor 
(VEGFR)–dependent upregulation of the transcription 
factor Id1 leading to the release of hepatotrophic factors 
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bipotential, what regulates whether they become hepa-
tocytes or cholangiocytes? Boulter and colleagues have 
described the mechanisms in mice governing these criti-
cal cell fate decisions  [28] . After biliary cell damage with 
DDC, the intimate association of myofi broblasts with 
HPCs facilitated Notch signaling ensuring biliary dif-
ferentiation in oval cells, in essence recapitulating 
ontogeny. On the other hand, after hepatocyte damage 
with the CDE diet, adjacent macrophages in response 
to engulfi ng hepatocyte debris were involved in Wnt 
signaling to HPCs that not only turned off Notch 
signaling but also specifi ed hepatocytic differentiation 
in oval cells. On the other hand, in the rat 2-AAF/PH 
model, Notch1 may be important for hepatocytic dif-
ferentiation since exposure to a  γ -secretase inhibitor 
delayed the maturation process  [36] . HGF signaling is 
also important for the oval cell response: genetic 
deletion of  c-met  from oval cells in the DDC model 
results in a diminished response with decreased hepa-
tocytic differentiation  [37] . Moreover, a failure to express 
stromal cell–derived factor 1 (SDF1) leads to less recruit-
ment of macrophages and associated matrix metal-
lopeptidase 9 (MMP9) secretion that is crucial for oval 
cell migration and liver remodeling (discussed further 
in this chapter). Hh signaling is another important 
pathway, and ligands acting through the receptor 
Patched (Ptc) on murine oval cells and human HPCs are 
required for progenitor cell survival  [38] . Perhaps most 

  A  s econd  t ier of  r egeneration:  o val  c ells and  HPCs  

 Massive acute liver injury, chronic liver injury, or large-
scale hepatocyte senescence results in the activation 
of a reserve or potential progenitor cell compartment 
located within the intrahepatic biliary system  [1, 2] . Rep-
licative senescence can occur in conditions such as 
chronic hepatitis and fatty liver disease  [23] . In humans 
and mice, the extent of the HPC response is proportional 
to the degree of parenchymal damage  [24, 25] . HPCs are 
derived from interlobular biliary cells and/or the canal 
of Hering, and in human liver the canal of Hering 
extends beyond the limiting plate, even perhaps 
throughout the proximate third of the lobule  [26] . 

 A number of animal models have been described 
to activate this progenitor response. In rats, a very effec-
tive model has been to pretreat the animals with 
2-acetylaminofl uorene (2-AAF) before performing a 
2/3 PH (the 2-AAF/PH protocol)  [27] . 2-AAF is metabo-
lized by the hepatocyte ’ s cytochrome P450 (CYP450) 
system, producing metabolites that form DNA adducts, 
thus preventing hepatocytes from entering the cell cycle 
in response to PH. Under these constraints, oval cells or 
HPCs are activated since they lack the CYP enzymes 
necessary for 2-AAF metabolism. In the mouse, dietary 
regimes are often employed including a choline-defi cient, 
ethionine-supplemented diet (the CDE diet) that infl icts 
hepatocyte damage, or a 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) regime that damages cholangi-
ocytes  [28] . An oval cell response is also seen when 
hepatitis B surface antigen (HBsAg-tg) mice (a model of 
chronic liver injury) are treated with retrorsine, a pyr-
rolizidine alkaloid that blocks hepatocyte regeneration. 
This effectively abolishes hepatocyte turnover, resulting 
in massive oval cell–driven regeneration  [29] . The exact 
location of stem and progenitor cells within the biliary 
tree is unclear, and it is also unclear if all cells in small-
caliber biliary ducts and canals of Hering are capable 
of giving rise to oval cells, but in the mouse a small 
subset (3–4%) of antigenically defi ned biliary cells that 
express Sox9 give rise to most oval cells in the DDC 
model  [30] . 

 A wide range of markers have been used to identify 
ovals cells and HPCs (Table  1.1 )  [31] . Many factors, often 
produced by cells of a hepatic niche that intimately 
accompanies the reaction, can infl uence the oval cell–
HPC response. Autocrine and paracrine Wnt signaling 
is clearly involved in the oval cell or HPC response in 
mice  [28, 32] , rats  [33] , and humans  [28, 34, 35] . In the 
rat 2-AAF/PH model, oval cells display nuclear 
 β -catenin and Wnt1 is essential for differentiation of 
oval cells to hepatocytes; exposure to Wnt1 small hairpin 
RNA (shRNA) blocked this differentiation, and oval 
cells generated an atypical ductular reaction – perhaps 
as the default position  [35] . As oval cells and HPCs are 

 Table 1.1       Some of the markers used in the identifi cation of 
oval cells and  HPCs  in the damaged mammalian liver. 

A6 antigen (mouse marker)
ABCG2/BCRP1 (breast cancer resistance protein)
AFP (alpha fetoprotein)
Cadherin 22
CD24 and CD133
Chromogranin A
CK7 and CK19
c-Kit (CD117)
Claudin7
Connexin 43
Dlk1 (Delta-like protein 1)
DMBT1 (deleted in malignant brain tumor 1)
E-cadherin
EpCAM/TROP1 (epithelial cell adhesion molecule)
fl t-3 ligand/fl t-3
Fn14 (fi broblast-inducible factor 14-kDa protein; TWEAK 
receptor)
GGT (gamma-glutamyltranspeptidase)
GST-P (placental form of glutathione-S-transferase)
M2-PK (muscle type pyruvate kinase)
NCAM-1/CD56 (neural cell adhesion molecule-1)
PTHrP (parathyroid hormone related peptide)
TACSTD/TROP2 (tumor-associated calcium signal transducer)

   Note :   Many of these markers are also expressed on normal 
biliary epithelial cells.  
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cytokines such as TGF β 1 and the fi bronectin matrix that, 
among other properties, can concentrate cytokines such 
as connective tissue growth factor (CTGF) for which 
oval cells have receptors  [47] . 

 Chronic viral hepatitis is, of course, invariably associ-
ated with cirrhosis and hepatocyte senescence  [48–50] , 
thus activation of HPCs in this setting is common. In 
the fi brous septae that surround regenerative nodules 
(RNs), differentiation of CK19-positive HPCs to form 
buds of intraseptal hepatocytes (ISHs) is often observed 
 [51] . In cirrhosis we observed that RNs are invariably 
clonally derived (Figure  1.3 ), suggesting that they are 
not simply created by fi brotic dissection of the preexist-
ing parenchyma; moreover, they are clonally related to 
the abutting HPCs (Figure  1.3 ), and thus have been 
derived from them  [52] . Thus RNs may well represent 
the further expansion of buds of ISHs. 

      Stem  c ells and  l iver  c ancer ( f ounders 
and  p ropagators) 

 Whereas CCs are believed to arise from either estab-
lished biliary ducts or HPCs, the origin of HCCs is more 
problematic. Clearly hepatocytes are the cell of origin of 
many HCCs in experimental models where tumor yield 
is directly related to hepatocyte proliferation or where 
oncogenic transgenes are driven by the albumin pro-
moter. On the other hand, HPC activation is commonly 
seen in models of hepatocarcinogenesis and invariably 
accompanies chronic liver damage in humans, thus 
making it quite likely that HPCs are the founder cells of 
many HCCs  [53] . An origin of HCCs from HPCs is often 
suggested because many HCCs contain an admixture of 
mature hepatocyte-like cells and cells resembling HPCs 
 [1] . If tumors do arise from HPCs, then this indicates a 
block in HPC differentiation, a process that has been 
termed “stem cell maturation arrest”  [54] . This hypoth-
esis is supported by the fact that murine HCCs induced 
by a CDE diet have a mixture of neoplastic phenotypes 
recapitulating stages in normal development, suggest-
ing intermediate states between bipotent oval cells and 
hepatocytes  [55] . Likewise in humans, four prognostic 
HCC subtypes have been identifi ed equating to liver cell 
maturational steps  [56] . The poorest prognostic groups 
had a signifi cant proportion of either EpCAM  +  AFP  +   cells 
(hepatoblast-like) or EpCAM  −  AFP  +   cells (HPC-like), 
whereas those with EpCAM  −  AFP  −   cells (mature 
hepatocyte-like) or EpCAM  +  AFP  −   cells (cholangiocyte-
like) had a better prognosis. Gene expression profi ling 
has identifi ed a subset of HCCs with a profi le consistent 
with an origin from HPCs, and these patients have 
a poor prognosis  [57] ; moreover, counting of CK19-
positive cells in HCC can identify a poor-prognosis 
group  [58]  that may be related to an enhanced epithelial-
mesenchymal transition (EMT)  [59] . 

signifi cantly, infl ammatory cells produce a range of 
cytokines and chemokines that initiate the response  [2, 
32] ; SDF1 attracts CXCR4  +   T cells, and these cells express 
TWEAK (TNF-like weak inducer of apoptosis) that 
stimulates oval cell proliferation by engaging its recep-
tor Fn14, a 14 kDa transmembrane receptor  [39] . Tirnitz-
Parker and colleagues employed the CDE diet and 
found that expression of Fn14 is markedly elevated  [40] . 
Fn14 is not a receptor tyrosine kinase, but rather ligand 
occupancy activates NF- κ B signaling as shown by the 
presence of active (nuclear) NF- κ B in a progenitor cell 
line upon TWEAK stimulation. The early oval cell 
response to the CDE diet was delayed in Fn14 knockout 
mice, although interestingly there were comparable 
numbers of oval cells in wild-type and knockout mice 
after 3 weeks on the CDE diet. Signifi cantly, recom-
binant human TWEAK (rhTWEAK) directly stimulated 
the  in vitro  proliferation of a progenitor cell line in a 
dose-dependent manner. Other components of the 
infl ammatory response that can stimulate oval cells 
include lymphotoxin- β , interferon alpha (IFN α ), TNF α , 
and histamine  [41] . Resistance to the growth inhibitory 
effects of TGF β  may allow oval cells to proliferate under 
conditions inhibitory to hepatocytes  [42] . 

  In terms of negative regulators of the oval cell 
response, the neurofi bromatosis type 2 ( Nf2 ) gene 
product Merlin appears critically important  [43] . Genetic 
deletion of  Nf2  leads to massive oval cell expansion and 
the development of CC and HCC; Merlin appears to 
control the availability of epidermal growth factor 
receptor (EGFR) and other growth factor receptors. Pro-
genitor cells reside in a specialized supportive microen-
vironment known as a niche; not only do oval cells and 
HPCs have such a niche but also this niche seems to 
migrate hand-in-hand with the expansion of oval cells. 
For example, with the CDE diet the activation of stellate 
cells (upregulation of alpha smooth muscle actin [ α SMA] 
expression) and deposition of collagen precede the oval 
cell response, suggesting that the extension of the niche 
is a prerequisite for oval cell expansion  [44] . In fact, 
mouse and rat models of oval cell activation and HPC 
reactions in humans bear a striking similarity, in terms 
of both the deposition of ECM (particularly laminin) 
and cells (macrophages and  α SMA  +   myofi broblasts) that 
accompany progenitor reactions suggestive of a stereo-
typical niche  [45] . Further support for the idea that the 
ECM adjacent to oval cell reactions is not merely a 
passive bystander comes from studies of the oval cell 
reaction in mice that produce mutated collagen I that is 
highly resistant to MMP degradation  [46] ; here, a failure 
to remodel collagen stunts the reaction, seemingly 
through a failure to establish a laminin-rich progenitor 
niche. In the 2-AAF/PH model, blocking the activation 
of stellate cells with L-cysteine was a potent suppressor 
of the oval cell response, probably related to loss of 
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changes, eventually resulting in liver failure or the 
development of HCC. 

 Following liver injury there are a number of cellular 
responses that are key to the fi brotic response, including 
hepatocyte injury, and hepatic macrophages and 
endothelial cells are activated  [66] . The cells that are 
primarily responsible for the deposition of ECM are the 
 α SMA-positive myofi broblasts that are formed princi-
pally from the activation of the HSCs. Hepatic myofi -
broblasts are proliferative and contractile cells that 
directly secrete collagen matrix, and they have several 
important paracrine mechanisms that increase the pro-
fi brotic environment. Proliferation of hepatic myofi -
broblasts is stimulated by a number of mitogens, 
including platelet-derived growth factor (PDGF), basic 
fi broblast growth factor (bFGF), angiotensin II, VEGF, 
and thrombin. PDGF is a very potent mitogenic stimu-
lus and is released by activated Kupffer cells, sinusoidal 
endothelial cells, platelets, and activated myofi broblasts 

 A detailed discussion of cancer stem cells (CSCs) in 
HCC is beyond the scope of this chapter, but a number 
of phenotypic markers have been proposed for their 
isolation including CD13, CD90, CD133, ALDH activity, 
and the side population  [60] . As in other organs, HCC 
CSCs seem relatively resistant to therapy, and strategies 
to either reduce ABC transporter function  [61–63]  or 
induce differentiation  [64]  have increased CSC sensitiv-
ity. For a detailed discussion, see  [65] .  

  Liver  fi  brosis 

 Whatever the mode of chronic liver injury, a stereotypi-
cal wound-healing response occurs that results in a 
series of cellular and extracellular matrix changes, an 
increase in collagen deposition, and a disturbance in the 
liver architecture. In its extreme form, this results in the 
development of cirrhosis with gross architectural distur-
bance, nodule formation, heavy scarring, and vascular 

  Figure 1.3         Mitochondrial DNA genotyping indicates that 
regenerative nodules can be derived from CK19-positive 
HPCs. (A) An entirely CCO-defi cient nodule (stained blue 
for succinate dehydrogenase activity). (B) Five groups of cells 
(1–5) from the same CCO-defi cient nodule; cells (6) from the 
adjacent CCO-defi cient ductular reaction, confi rmed by CK19 
IHC on the next serial section (C, brown staining), and cells 
(7) from the CCO-positive nodule were laser capture-
microdissected, and the entire mitochondrial genome was 
sequenced. (D) Cell areas 1–5 all contained four different 

transition mutations: 2145G > A, 2269G > A, 12362C > T, and 
15671A > G (black arrows). (E) Cell area 6 from the abutting 
CCO-defi cient ductular reaction had exactly the same 
mutations. Heteroplasmy was detected at locations 2145 and 
2269 (arrowheads), while the mutations at locations 12362 
and 15671 were homoplasmic (black arrows). (F) Cell area 7 
from the CCO-positive nodule had no mutation (white 
arrows).  See Lin  et al.   [52]  for further details. (Source: Lin 
WR.  et al.  Hepatology 2010, 51: 1017–1026  [52] ).   
(Color plate 1.3)  

(A) (D)

(E)

(F)

(B)

(C)



10 Introduction to Liver Biology

the degradation of collagen scar matrix is required to 
enable the development of a ductular reaction. The 
implications are clear that strategies to minimize or even 
reverse liver fi brosis will likely also have an effect upon 
liver regeneration. 
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  Figure 1.4         During liver injury the hepatic macrophages 
help, along with other factors, to stimulate quiescent 
fat-storing hepatic stellate cells (HSCs) into activated hepatic 
myofi broblasts (HMFs). The activated HMFs deposit collagen 
scar and secrete tissue inhibitors of metalloproteinases 
(TIMPS), which inhibit the degraders of scar matrix, the 
matrix metalloproteinases (MMPs). If the cause of liver 

injury is removed (e.g., viral eradication), then a recovery 
phase commences and, to a variable degree, the quantity of 
liver fi brosis lessens. In this phase, HMFs reduce their TIMP 
secretion, and the hepatic macrophages secrete MMPs that 
aid the degradation of scar and promote the apoptosis of 
HMFs.  (Color plate 1.4)  
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