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Introduction

Currently, hepatic fibrosis is considered a model of the wound-
healing response to chronic liver injury (1). The excessive
extracellular matrix (ECM) deposition that distorts the hepatic
architecture by forming fibrotic scars, and the subsequent
development of nodules of regenerating hepatocytes defines
liver cirrhosis (2-5). The clinical importance of liver cirrhosis
is related to the associated hepatocellular dysfunction and
increased intrahepatic resistance to blood flow, which result
in hepatic insufficiency and portal hypertension, respectively,
and to the occurrence of hepatocellular carcinoma (6). The
incidence of hepatocellular carcinoma (HCC) is rising in North
America, Europe, and Eastern countries such as China and Japan
(7). This increase is largely due to the emergence of hepatitis
C virus (HCV), the continued problem of hepatitis B virus
(HBV) infection control, and the liver pathologies associated
with obesity and chronic alcohol abuse. The increasing levels
of obesity in these countries is a particularly significant
epidemiological factor that will ensure further worldwide rises in
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HCC incidence over the next decade (8). There is therefore an
urgent need to understand how HCC develops in the diseased
liver. In this respect, it is often overlooked that 90% of HCC
cases have a natural history of unresolved inflammation and
severe fibrosis (or cirrhosis). Approaches to HCC prevention
should therefore focus on the molecular regulators of a disease
process that we could define as the inflammation-fibrosis-cancer
(IFC) axis.

Mechanisms involved in the

inflammation-fibrosis-cancer axis

The final event of chronic liver injury, independently from
the aetiological agent, is hepatic fibrosis and this process may
consequently and directly lead to cancer development (Figure 1).
Thus, the current review will focus the attention on the mechanisms

contributing to fibrosis and cancer.
Role of oxidative stress

At the molecular level, a series of studies have shown that
oxidative stress is commonly induced in all forms of chronic
liver injury and plays a crucial role in hepatic fibrogenesis (9-12)
and cancer development (13,14). Exogenous reactive oxygen
species (ROS) released by damaged parenchymal cells directly
contribute to cell degeneration process and would also activate
redox-sensitive intracellular pathways in HSCs, inducing
their activation and increasing collagen synthesis (11,15).
Furthermore, HSCs are also an important source of ROS in
liver fibrosis (15-17). Cytochrome P450 2E1 is the main source
of ROS in hepatocytes, while phagocytic and non-phagocytic
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is the key source, respectively, in Kupffer cells and
HSCs (12,18,19). The phagocytic form of NADPH oxidase

expressed in Kupffer cells has several important functions:
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Figure 1. Fibrogenetic/hepatocarcinogenetic mechanisms in the liver.

besides its defensive effect against bacterial products reaching
the liver through the portal system, NADPH oxidase in Kupffer
cells is also activated by several stimuli (i.e. alcohol metabolites
and tumor necrosis factor-a) to produce ROS. Kupffer cells-
derived ROS consequently drive proinflammatory effects and
sensitize hepatocytes to undergo apoptosis, being involved in
fibrogenesis and carcinogenesis. Conversely, recent data indicate
that HSCs express the non-phagocytic form of NADPH oxidase
and demonstrate that ROS participate in the activation and
fibrogenic actions of HSCs in vitro (12,18,19). Thus in summary,
several sources of ROS in parenchymal and non-parenchymal
cells actively contribute to the development and activation of

pathways involved either in fibrogenic or in cancer processes.
Role of cytokines

Classical studies using experimental models of chronic liver
injury in rats and mice have revealed cytokines and growth
factors that are critical in hepatic fibrogenesis (20-22) as well
as in cancer development (1,13). As occurs in most tissues,
transforming growth factor-bl (TGF-f1) is the major fibrogenic

cytokine in the liver (23) and it has been clearly demonstrated to
play an active role in the process of myofibroblast activation (1).
In addition to TGF-p1, other molecules exert a pro-fibrogenic
activity involving different mechanisms: vasoconstrictor
substances [e.g., norepinephrine (NE), angiotensin II] (24),
platelet-derived growth factor (PDGF) (the most potent
mitogen) (25) and adipocytokines such as leptin involved in
hepatic inflammation (26,27). As in hepatic fibrosis, TGF-§
levels in HCC increase in line with collagen deposition and
the reduction in proteolytic degradation (23). For example,
connective tissue growth factor (CTGF) promotes tumor
growth, angiogenesis, migration and invasion (28). Human
HCC cell lines produce high levels of CTGF to form highly
stromogenic tumors. If CTGF is knocked down in such cells,
tumors show little stroma (29). Blocking the TGF-f signaling
pathway with the TGF-p inhibitor LY2109761 inhibits CTGF
production and tumor growth. Based on these observations,
cancer associated fibroblasts (CAF) are considered a possible
source of CTGF in response to paracrine signals from cancer
cells, such as TGF-B (30). It appears that CAF can originate
from endothelial cells and can be a source of the endothelial-to-
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mesenchymal transformation (30). Also, in pancreatic cancer
they can originate from stellate cells and can contribute to
resistance to chemotherapy or radiation (31). Thus, it is possible
that HSC may be the source for the CAF cells in HCC.

Role of NFkB

NF-kB transcription factors are key regulators of innate and
adaptive immune responses, inflammation, and cell survival
(32,33). Many proinflammatory stimuli activate NF-«B,
mainly via IxB kinase-(IKK) dependent phosphorylation and
degradation of the xB inhibitor (IxkB) proteins. IKK consists
of two catalytic subunits, IKKa and IKKp, and a regulatory
component, NEMO/IKKy. IKK activation occurs primarily
through IKKp (34), whose absence increases susceptibility to
tumor necrosis factor-a-(TNF-a) induced apoptosis (35). Tumor
initiation means cellular immortality, which happens through
DNA mutation, but the relationship with NF-kB activation has
not been considered in detail for this process. However, the
tirst clue linking NF-kB to cancer was recognizing that c-rel,
which is a v-rel oncogene cellular homologue, encodes an NF-
kB subunit and that all of these proteins share the Rel homology
DNA-binding domain (36). Not surprisingly, overexpression
of normal Rel proteins promotes oncogenic transformation.
Participation of NF-kB activation in the carcinogenic promotion
and progression stages has become clear in recent years.
The promotion of carcinogenesis is mainly related to the
involvement of NFkB in the regulation of different processes
such as: proliferation, apoptosis, angiogenesis, invasion, and
metastasis (36,37). TNFa, which is a strong NF-xB-activating
factor, is produced by macrophages and plays a central role in
inflammation but has also been suggested as an accelerator factor
of cell proliferation (13,37). Anti-apoptosis is also important
for maintaining cancer cells: a large number of antiapoptotic
factors, such as cIAPs, c-FLIP, and BclX, are controlled by NF-
B activation (38). Finally, invasion and metastasis are pivotal
processes for prognosis: matrix metalloproteinases (MMPs) are
produced by inflammatory cells and on the other hand tumor
cells are key players in the degradation of the extracellular matrix
and basement membranes; thus, they are important in tumor

invasion.
Role of JNK

The c-Jun NH2-terminal kinase (JNK) belongs to a family of
mitogen-activated kinases (MAPKs), together with extracellular
regulated kinases (ERKs) and p38. The JNK subgroup of
MAPKSs is encoded by three loci; Jnkl and Jnk2 are ubiquitously

expressed, and Jnk3 is expressed primarily in heart, testis,
and brain (39). JNKs are activated by stress signals and
proinflammatory stimuli, and their activity increases following
phosphorylation by the MAPK kinases, MKK4, and MKK?7
(40). In the liver, JNK plays a pivotal role in the development
of metabolic syndrome including NAFLD (20). Hepatic
steatosis, inflammation, and fibrosis have been examined in
mice fed a choline-deficient L-amino-acid-defined diet. The
results showed less hepatic inflammation and less liver fibrosis
despite a similar level of hepatic steatosis in JNK1-deficient
mice compared with wild type, suggesting that JNK1 may be
associated with the induction of diet-induced steatohepatitis
and liver fibrosis (41). In addition to these data, JNK function
is critical in the carcinogenic promotion and progression stages,
as JNK phosphorylates a variety of genes associated with
carcinogenesis. Growth factors activate receptor tyrosine kinases,
and phosphorylated receptors transmit the signals through
JNKs (42). There is also participation in the transcriptional
regulation of growth factors such as EGF through JNK activation
(24). Numerous studies have considered the proliferative effect
following JNK activation. For example, in a liver regeneration
mouse model, the number of Ki67-positive proliferating
hepatocytes in Jnk1-/- mice was reduced by 80% compared with
that in controls at 48 hours after a partial hepatectomy (43).
The expression of several angiogenic factors is also regulated
by JNK: Vascular endothelial growth factor (VEGF) promotes
proliferation and migration of endothelium cells. VEGF
expression is also controlled by JNK activation (44,45).

Role of TLRs

Innate immunity represents the first line of protection against
microbial pathogens and is mediated by macrophages and
dendritic cells. Although it was initially suggested to be a
nonspecific response, innate immunity discriminates a variety
of pathogens through the function of pattern-recognition
receptors (PRRs) such as TLRs. These receptors recognize
microbial components known as pathogen-associated
molecular patterns (41,46). Thirteen mammalian TLRs have
been described; 10 are expressed in humans, and each is
responsible for recognizing distinct bacteria, virus, and fungi
microbial structures: the two most largely studied are TLR2
and TLR4, the PRRs for gram-negative and gram-positive
bacterial products, respectively. TLR4 is also the major receptor
recognizing endogenous ligands released from damaged or
dying cells (41,42). The liver may be exposed to bacteria from
the intestine via the portal vein, leading to an uncontrolled

innate immune system that may result in inflammatory liver
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disorders (47). Many factors are capable of activating TLRs
in the liver. Among them, HBV, HCV, alcoholic liver disease,
and NASH are important etiologies for HCC (48). The TLR
ligands TLR4 and 9 inhibit viral replication in HBV-transgenic
mice (49). In the absence of HBeAg, HBV replication is
associated with upregulation of the TLR2 pathway, leading
to increased TNFa production, demonstrating a potentially
important interaction between HBV and the innate immune
response (42,50). HCV can activate innate immune systems
to produce inflammation. The HCV core and NS3 proteins
activate TLR2 on monocytes to induce cytokines in a NF-kB-
and JNK-dependent manner (51). The NS3 protein interacts
directly with TBK1, resulting in decreased TBK1-IRF3
interaction and inhibition of IRF3 and IFN transcription. The
NS3 protein also impedes both IRF3 and NF-«kB activation
by reducing functional TRIF abundance (52). Many other
in vitro studies have been reported, but the in vivo condition
is still unclear. Excessive alcohol intake is associated with
increased intestinal permeability and elevated endotoxin
levels (50). LPS activates TLR4 on Kupffer cells and
increases proinflammatory cytokine production. Antibiotic
treatment reduces the sensitivity of alcoholic liver disease
(53). Intestinal bacteria seem to be important in NASH
pathogenesis. In NASH, ob/ob mice exhibit increased hepatic
sensitivity to LPS and developed steatohepatitis (54). In a
methionine/choline-deficient NASH model, TLR4-deficient,
but not TLR2-deficient mice, exhibited less intrahepatic
lipid accumulation (53). All of the diseases described above
are associated with the development of HCC. Therefore, it
seems clear that TLRs are involved in the development of
HCC. Mice deficient in TLR4 and MyD88, but not TLR2,
have a marked decrease in the incidence, size, and number of
chemically induced (DEN) liver cancer tumors, indicating a
strong contribution of TLR signaling to hepatocarcinogenesis
(55). It is assumed that dying hepatocytes following DEN
may activate myeloid cells such as Kupffer cells via TLRs
and induce proinflammatory cytokines and hepatomitogens,
which enhance the development of HCC.

Role of EMT

Epithelial to Mesenchmal Transition (EMT) may also occur
in the liver. Fetal liver exhibits characteristics of EMT in that
some fibroblast-like stromal cells co-express both epithelial
[a-fetoprotein(AFP), albumin(Alb), cytokeratins CK18 and
CK7] and mesenchymal markers (a-SMA, osteopontin, and
collagen I) (56,57). In adult liver, EMT does not occurs without

stress or injury (56). Transformation of biliary epithelium into

fibroblasts is best documented in metastatic hepatocellular
carcinoma, while is more controversial in the field of liver
fibrosis. Evidence of EMT in liver fibrosis was reported in
a patient with primary biliary cirrhosis (PBC), a condition
characterized by loss of biliary epithelial cells and progressive
fibrosis (58). Analysis of liver biopsies from this patient revealed
that a number of biliary epithelial cells expressed markers of
EMT (e.g., an early fibroblast marker FSP1, vimentin, nuclear
Smad2/3 and a-SMA), suggesting that biliary epithelial cells
may undergo EMT and potentially contribute to the fibroblast
population (58). In mice, EMT was observed in response to bile
duct ligation (BDL)-induced injury (59). BDL causes chronic
obstruction and concomitant proliferation of the bile duct,
outgrowth of periductal myofibroblasts and fibrosis. Expression
of EMT markers (collagen type I, a-SMA, and cytokeratin 19)
by periductal myofibroblasts supported a notion that biliary
epithelial cells may undergo EMT (59).

On the other hand, scientifically relevant data demonstrate
the absence of EMT in liver fibrosis: the report by the Wells
laboratory provides the strongest evidence against EMT in the
liver as a source of myofibroblasts (60). The study uses lineage
tracing generated by crossing the alpha-fetoprotein (AFP)-cre
mouse with the ROSA26YFP stop mouse to trace the fate of
any cell ever expressing AFP. As expected, all the cholangiocytes
and all the hepatocytes were genetically labeled, because they
are derived from AFP-expressing precursor cells. Furthermore,
AFP progenitor cells were also irreversibly genetically marked.
The critical result is that after inducing liver fibrosis by a variety
of methods, none of the resulting myofibroblasts originated
from the genetically marked epithelial (AFP) cells. This
important article confirm the results obtained in two previous
studies demonstrating the contribution of epithelial cells to
myofibroblasts in liver fibrosis (61,62).

While EMT in hepatic fibrosis play a controversial role,
the importance of this process in the development of HCC is
relevant and is known as hepatocellular EMT. Hepatocellular
EMT has been recognized not only in experimental animal
model but also in humans and it is mainly defined as the
expression of epithelial markers in cancer cells. In fact, while
hepatocytes of well-differentiated human HCC samples and
adjacent non-cancerous liver parenchyma show E-cadherin at
the plasma membranes, cytoplasmic localization or frequent loss
of E-cadherin is displayed in poorly differentiated HCC. These
data suggest a disruption of E-cadherin/p-catenin complexes
at cell boundaries that is characteristic for hepatocellular EMT
and comparable to observation of experimental HCC in mouse
(63). The reduced expression of E-cadherin is accompanied by

(partial) nuclear translocation of B-catenin, and significantly



92

De Minicis et al. Hepatic fibrogenesis leading to liver cancer

correlates with intrahepatic metastasis and poor survival of

patients.

Experimental models of liver fibrosis/cancer

and future directions

Although the number of studies on the field of liver fibrosis and
HCC degeneration, there is an important need of a model that
could be used in basic research, able to resemble the human
characteristics of HCC development starting from a condition
of liver disease, as it happens in humans. The models existing in
literature are not completely accurate and do not entirely recreate
the human conditions: the limitations are mainly related to the
lack of a tool that could summarize all the features in a single
experimental model.

Concerning experimental models of HCC: genetic models,
conditioned knock-out or transgenic models are mainly used to
study the involvement of specific protein in the carcinogenetic
process (64,65). On the other hand, the HCC models induced
by chemotoxic agents (such as DEN model) allow a broader
involvement of different pathways, providing a technique to
study the interaction of different effects in the specific organ.
However, chemotoxic-induced HCC models do not completely
resemble the human disease.

The DEN is the most important and most used agent in
literature. Such a compound allows to obtain HCC development
in a time and dose dependent manner, being also easy to
reproduce. The DEN model has been largely used to study
the pathophysiology of the pure HCC tumor model (66,67).
However, in this model the sequence of events leading to
steatohepatitis, fibrosis, cirrhosis and tumor, is completely
skipped. Based on this, recent manuscripts evaluated other
models able to better recreate the conditions leading to HCC
development in cirrhotic patients (68). In the current view, the
diet model could be a good option, allowing researchers to study
not only the mechanisms involved in tumor progression, but also

the early events involved in tumor formation.
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