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Abstract Hepatocellular carcinoma (HCC) is naturally
resistant to radiotherapy and cytotoxic chemotherapy,
leaving surgery as the mainstream therapeutic approach.
However, the 5-year recurrence rate after curative resection
is as high as 61.5%. The background hepatitis B- or
C-induced cirrhosis and the presence of micrometastases at
the time of surgery have been regarded as two main causes of
recurrence. Recently, accumulating evidence suggests that
growth factors and cytokines released during the physio-
logical process of post-surgical liver regeneration could
induce the activation of dormant micrometastatic lesions.
The establishment of neovasculature to support either liver
regeneration or HCC growth involves multiple cell types
including liver sinusoidal endothelial cells, Kupffer cells,
hepatic stellate cells, and circulating endothelial progeni-
tors. The crosstalks among these cells are driven by multiple
molecules and signaling pathways, including vascular endo-
thelial growth factors and their receptors, platelet-derived
growth factor, the angiopoietin/Tie family, hepatocyte growth
factor/c-Met signaling, and others. Anti-angiogenic agent

J.-A. Chen - M. Shi - J.-Q. Li - C.-N. Qian (IX)

State Key Laboratory of Oncology in South China,

Sun Yat-Sen University Cancer Center, 651 Dongfeng East
Road, Guangzhou 510060, People’s Republic of China
e-mail: gianchn@sysucc.org.cn

J.-A. Chen - M. Shi - J.-Q. Li

Department of Hepatobiliary Oncology, Sun Yat-Sen University
Cancer Center, 651 Dongfeng East Road, Guangzhou 510060,
People’s Republic of China

C.-N. Qian

NCCS-VARI Translational Research Laboratory,
Humphrey-Oei Institute of Cancer Research,
National Cancer Centre of Singapore,

11 Hospital Drive, Singapore 169610, Singapore

targeting liver cancer vasculature has been reported to be able
to generate limited survival benefit of the patients. In this
review, discussions are focused on various angiogenic
mechanisms of HCC and liver regeneration, as well as the
prevailing anti-angiogenic strategies.
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Abbreviations

AAH  Atypical adenomatous hyperplasia
ECM  Extracellular matrix

EGF Epidermal growth factor

EPC Endothelial progenitor cell

HBV  Hepatitis B virus

HCC Hepatocellular carcinoma

HCV  Hepatitis C virus

HGF Hepatocyte growth factor

HIF Hypoxia-inducible factor

HSC Hepatic stellate cell

LPS Lipopolysaccharide

LSEC Liver sinusoidal endothelial cell
MMPs Matrix metalloproteinases

OAH  Ordinary adenomatous hyperplasia
PDGF Platelet-derived growth factor

PH Partial hepatectomy

TGF Transforming growth factor
VEGF Vascular endothelial growth factor
Introduction

Hepatocellular carcinoma (HCC) constitutes the majority
of live malignancies. It is the sixth most common
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malignancy and the third most common cause of cancer
death worldwide [1]. Potential curative therapies include
surgical resection, liver transplantation, and local ablation
of the tumor. Local ablation is mainly suitable for small
HCC. Hence, surgical resection has been the mainstream
therapy for decades. However, the 5-year recurrence rate
after curative resection is as high as 61.5%; even after
small HCC resection, it is up to 43.5% [2]. The background
hepatitis B- or C-induced cirrhosis and the presence of
intrahepatic micrometastases at the time of surgery are
believed to be the two main causes of recurrence after
partial hepatectomy (PH) for decades. Our previous study
reveals that micrometastases are present in 50.4% of the
HCC cases and that the distance of micrometastases from
the primary tumor can be as far as 6.1 cm distant to the
primary tumor margin [3]. The recurrence rate of the
anatomical resection group is not different from that of the
non-anatomical resection group [3, 4], implying the exis-
tence of other causative factors of recurrence in addition to
anatomical blood supply carrying hypothesized cancer
emboli.

Many clinical and animal studies suggest that liver
regeneration after hepatectomy can stimulate remnant
tumor growth and metastases [5—10], drawing more atten-
tions on this physiological process.

Liver regeneration is a complicated process involving
the secretions of numerous cytokines and growth factors,
and the functioning of metabolic networks [11]. Many
specific factors involved in liver regeneration are believed
to be able to influence the growth of residual or dormant
micrometastases after PH, and also modulating tumor
angiogenesis [12]. These factors include hepatocyte growth
factor (HGF), epidermal growth factor (EGF), transforming
growth factor (TGF)-a, TGF-f, hypoxia-inducible factor 1
(HIF-1), vascular endothelial growth factor (VEGF), and
matrix metalloproteinases (MMPs).

The mechanisms of cancer dormancy include angiogenic
dormancy, cellular dormancy and immunosurveillance
[13, 14]. Only a short-term of angiogenesis burst can awaken
a dormant tumor [15]. In fact, during the late phase of
regeneration after PH, which mainly involves re-establish-
ment of liver structure with angiogenesis, accelerations of
tumor growth, and metastasis have been observed [12, 16].

Notably, gene expression profiles of physiological and
pathological angiogenesis are different [17], supporting the
hypothesis that some unique hallmarks of HCC angiogen-
esis could be existing. In animal models, the endogenous
angiogenic inhibitor angiostatin inhibits liver regeneration
[18]; in contrast, the semi-synthetic angiogenic inhibitor
TNP-470 suppresses HCC growth without retarding
regeneration after PH [10], suggesting that different anti-
angiogenic agents might target different part of vasculature
in the liver and in the tumor.
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In this review, the different angiogenic mechanisms of
liver tumors and liver regeneration are summarized, and
potential selective therapeutic strategies against HCC are
discussed.

The process of liver regeneration

Regeneration of the liver after PH is a complicated process,
and the mechanisms are not fully understood. Regeneration
is carried out by proliferation of all of the mature cellular
populations of the organ, which include hepatocytes
(Fig. 1), biliary epithelial cells, liver sinusoidal endothelial
cells (LSECs), Kupffer cells, and hepatic stellate cells
(HSCs, which are pericytes in the liver) [19]. Liver
regeneration undergoes three stages [12]. The first is the
priming stage and occurs during the first few hours after
PH. Hepatocytes become responsive to growth factors and
the extracellular matrix (ECM) is broken down. Prolifera-
tion is the hallmark of the second stage. After PH, several
signals are initiated simultaneously in the liver for prolif-
eration [20]. Gut-derived factors, such as lipopolysaccha-
ride are up-regulated and reach the liver through the portal
blood supply. They activate hepatic non-parenchymal cells
(including Kupffer cells and HSCs) and increase the pro-
duction of tumor necrosis factor-o and interleukin-6. Other
factors are released from the pancreas (insulin), duodenum
or salivary gland (EGF), adrenal gland (norepinephrine),
thyroid gland (triiodothyronine), and HSCs (HGF). Coop-
erative signals from these factors lead to hepatocyte pro-
liferation. The proliferative hepatocytes provide mitogenic
stimuli leading to the proliferation of the other cells [19].
The last stage of liver regeneration is the termination stage,
in which the cells proliferation is terminated, new vessels
are developed, and the ECM is remodeled, leading to new,
fully functioning liver tissue.

Angiogenesis in liver regeneration

Hepatic sinusoids are highly specialized capillary vessels.
Like all blood vessels, they consist of two main cell types,
endothelial and mural. The endothelial cells of the hepatic
sinusoids are LSECs. Relative to the endothelial cells in
other organs, LSECs have a unique phenotype character-
ized by forming a discontinuous, fenestrated endothelium
without an organized basement membrane [21]. As the
mural cells of the hepatic sinusoidal, HSCs are liver-spe-
cific pericytes [22, 23]. Cellular cross-talk among LSECs,
HSCs and hepatocytes is believed to play an important role
in physiologic angiogenesis during liver regeneration.
The initial proliferation of hepatocytes leads to the
formation of avascular clusters of hepatocytes, in which the
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Fig. 1 Mechanism of
hepatocyte proliferation in liver
regeneration. After partial
hepatectomy, HGF and IL-6
released by liver sinusoidal
endothelial cells can trigger a
paracrine proliferation of
hepatocytes. The initial
proliferation leads to the
formation of avascular clusters
of hepatocytes, with hypoxia
occurs in the center. HIF-1 then
responds to hypoxic condition
and triggers the expression of
numerous growth factors and
their receptors in the hypoxic
hepatocytes, activating an T
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central cells reside outside the oxygen diffusion distance of
capillaries [24, 25]. Hypoxic conditions activate the tran-
scription factor HIF-1, which in turn induces the expression
of downstream target genes including c-Met, erythropoietin
(EPO), VEGF, and VEGF receptor 1 (VEGFR-1) [26-28].

Hepatocyte production of VEGF peaks 48—72 h after PH
and is detected mainly in periportal hepatocytes [29]. As a
potent survival factor of endothelial cells, VEGF promotes
the proliferation of endothelial cells and regulates vascular
permeability of LSECs [30, 31]. VEGF production is
accompanied by increased expression of VEGFR-1 on
hepatocytes and HSCs and of VEGFR-1 and VEGFR-2 on
LSECs [25, 27, 32, 33]. After binding to the VEGFR-1 of
hepatocytes, VEGF can induce autocrine proliferation of
hepatocytes [29]. However, the proliferation of hepatocytes
can also result from paracrine expression of HGF and IL-6
by LSECs [34]. Activation of VEGFR-2 stimulates LSEC
proliferation.

Neuropilin-1 and neuropilin-2 are recognized to be
VEGF co-receptors unrelated to VEGFR-1 and VEGFR-2;
they have no intrinsic signaling, but enhance the binding of
VEGEF to VEGFR-2 [35]. Neuropilin-1 has been shown to
be up-regulated in liver regeneration [36]. VEGF not only
induces LSEC proliferation but also induces the expression
of proteases-like collagenase [37], MMPs [38], and uro-
kinase- and tissue-type plasminogen activators [39], which
enable LISECs to break down the surrounding extracel-
lular matrix to migrate and form new blood vessels.

The angiopoietin/Tie family, including angiopoietin 1
(Ang-1), angiopoietin 2 (Ang-2), and receptor tyrosine
kinases Tie-1, and Tie-2 are other important growth factors
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regulating angiogenesis in regeneration. Ang-1 regulates
vessel stability by activating Tie-2, while Ang-2 acts as a
natural antagonist of Ang-1 [22]. Tie-1 has an important
role in endothelial cell differentiation and the maintenance
of blood integrity [40, 41]. Tie-1 expression, which is up-
regulated in regeneration, may stabilize nascent sinusoids.

Within the first 72 h following PH, resting HSCs start to
proliferate (peaking at 48-72 h) and become activated,
mediated by platelet-derived growth factor (PDGF) pro-
duced by hepatocytes and LSECs [42—45]. HSCs expresses
angiopoietins [22]. It has been suggested that Ang-1 binds
to Tie-2 on the surface of endothelial cells and promotes
interaction between endothelial cells and pericytes to sta-
bilize the mature vascular system [46]. Ang-2 initiates the
angiogenesis process in the presence of VEGF by inhibit-
ing the Ang-1 activity and disrupting existing blood ves-
sels. However, in the absence of VEGF, Ang-2 leads to
vessels regression [47, 48]. In the regenerating liver, VEGF
expression peaked at 72 h. Angiopoietin/Tie factors peaked
at 96 h except for Ang-2, which gradually increased and
peaked at 168 h. It is possible that in the presence of VEGF,
Ang-2 augments angiogenesis in the early phase of regen-
eration and inhibits angiogenesis in the absence of VEGF
when the regeneration is completed [25, 32, 49, 50].

When the regenerating liver is approaching its preop-
erative mass at day 6 after PH, a wave of LSEC apoptosis
can be detected with a maximum at day 8 in the mouse [49,
51, 52]. This is in contrast to hepatocytes, which do not
show increased apoptosis during the regeneration process
[51]. The end of angiogenesis may play a vital role in the
termination of liver regeneration.
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Sprouting angiogenesis in HCC

It is well known that most HCC emerges in a liver with
extensive fibrosis due to HBV or HCV infection [53].
During the process of fibrogenesis, many growth factors,
cytokines, and metalloproteinases with an inherent pro-
angiogenic action are overexpressed [54].

Sakamoto et al. [55] divided the early development
stage of HCC into ordinary adenomatous hyperplasia
(OAH), atypical adenomatous hyperplasia, and well-dif-
ferentiated HCC (early HCC), depending on the cellular
morphology in nodule lesions. Arterialization (which
means presence of new unpaired arteries not accompanied
by bile duct [56]) and sinusoidal capillarization (involving
transformation of fenestrated hepatic sinusoidal endothelial
cells into continuous capillaries, coupled with collageni-
zation of the extravascular spaces of Disse and deposition
of laminin and basement membranes near the endothelial
cells and hepatocytes [57]) are highest in HCC, develop
from OAH and gradually increase [58]. Accordingly, the
intranodular portal supply relative to the surrounding liver
parenchyma is decreased, whereas the intranodular arterial
supply is increased in accordance with elevation of the
grade of malignancy of the nodules [59]. Arterialization
can induce a partial transition of LSECs to capillary-type
endothelial cells (sinusoidal capillarization) [60]. Sinusoi-
dal capillarization is stimulated by Ang-1 due to hypoxia
[22]. Subsequently, the progressing sinusoidal capillariza-
tion leads to an impairment of oxygen diffusion from the
sinusoidal to hepatocytes [61, 62]. In addition, rapid pro-
liferation of HCC cells continuously induces local hypoxia.
Hence, angiogenesis is stimulated by the progressing
increase in tissue hypoxia [63].

The mechanisms of hypoxia that induce angiogenesis in
HCC are similar to those found in regeneration after PH.
However, some special conditions are present in HCC. The
X protein of hepatitis B virus has been shown to increase
the transcriptional activity and protein level of HIF-1 [64].
Hypoxia stimulates angiogenesis through up-regulation of
VEGF gene expression by at least two distinct molecular
mechanisms: activation of VEGF gene transcription and
stabilization of VEGF mRNA [65]. Whether the VEGFR1
or VEGFR2 plays a more important role in hypoxia-
induced HCC angiogenesis is controversial. Most report
that VEGFR2 were more important than VEGFR1 [66-70],
but some show their reverse results [71, 72], while some
other believe that both VEGFR1 and VEGFR2 played
important roles, and lie in the different signaling cascades
by which VEGF augments HCC development and angio-
genesis [73]. The higher levels of VEGF expression during
the development of HCC have been shown to be associated
with an increase in arterialization and sinusoidal capillar-
ization [58].
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Angiopoietin/Tie-2 is also an important pathway in
regulating angiogenesis of HCC, although it is not up-
regulated by hypoxia [74]. Using immunohistochemistry,
angiopoietin 1 (Ang-1) and Ang-2 can be detected in HCC
cells, HSCs, and smooth muscle cells, whereas their
receptor Tie-2 is detected in LSECs, HSCs, and smooth
muscle cells, suggesting that multiple cell types are
involved in the angiopoietin/Tie-2 signaling pathways to
mediate tumor angiogenesis [75]. Ang-1 and Ang-2
expressions are positively correlated with tumor de-dif-
ferentiation [75]. Ang-1 is more frequently expressed in
normal liver, and Ang-2 is more frequently expressed in
HCC [74]. The level of Ang-2 is found to be associated
with the clinicopathological parameters of HCC patients,
and the ratio between Ang-2 and Ang-1 indicated the status
of angiogenesis [76]. Furthermore, Ang-2 displays a
VEGF-dependent synergistic effect on angiogenesis in a
mouse HCC model, similar to that in regeneration after PH
[77].

It has been a general conception that VEGF/Ang-driven
sprouting angiogenesis is the main mechanism of neovas-
cularization in HCC (Fig. 2). However, a recent paper
challenges this conception [78]. Zeng et al. investigated
gene and protein expression levels of VEGF-A, VEGFR-1,
VEGFR-2, Ang-1, Ang-2, and Tie-2 using quantitative
(real-time) reverse transcription polymerase chain reaction
and Western blot analysis in tumors, adjacent liver tissues,
and normal liver tissues. HCC in non-cirrhotic and cirrhotic
livers expresses VEGF and its receptors to a similar
extent as normal liver, although in a cirrhotic background,
VEGFR-2 levels in both tumor and adjacent tissue are
decreased. Tumor Ang-1 expression is slightly increased
when compared with normal liver, whereas Tie-2 is
strongly down-regulated in the tumor vasculature. The
Ang-2 mRNA level is also low in HCC with both non-
cirrhotic or cirrhotic liver. These results indicate that HCC
vascularization may not be driven by VEGF or angio-
poietin. Obviously, further investigation is demanded to
clarify the molecular mechanism of sprouting angiogenesis
in HCC.

Intussusceptive angiogenesis in HCC

In a rat model of HCC treated by mTOR inhibitor siroli-
mus, the HCC of control animals primarily present
sprouting angiogenesis, which is nearly absent and
replaced by intussusceptive angiogenesis in that of treated
animals. The results indicate that inhibition of sprouting
angiogenesis may stimulate the process of intussusceptive
angiogenesis [79].

Intussusceptive angiogenesis is an alternative mode of
angiogenesis that consists of microvascular remodeling by
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Fig. 2 Sprouting angiogenesis
in liver regeneration and HCC.
Sprouting angiogenesis is
believed to be a major type of
vasculature development in both
liver regeneration and HCC.
VEGEF released by hepatocytes
and cancer cells is the main
driver for the liver sinusoidal
endothelial cells to undergo
sprouting angiogenesis. In
addition to VEGEF signaling,
angiopoietin/Tie signaling is
also involved in this process.
PDGF released by hepatocytes,
malignant hepatocytes, and
endothelial cells can stimulate
the proliferation of hepatic
stellate cells, which participate
in the stabilization of the newly
formed vessels during sprouting
angiogenesis

VEGF

transcapillary pillar formation; it relies much less on
endothelial cell proliferation. Growth of these endothelial
pillars leads to sinusoidal multiplication by successive
fusion and partitioning of the existing vascular lumens
[80]. A recent study with human endothelial cells shows
that chronic hypoxia attenuates VEGF signaling and
angiogenic responses by down-regulation of VEGFR-2
[81]. As stated above, most of HCCs originate from fibrosis
and cirrhosis, which undergo chronic hypoxia and VEGFR-
2 levels were down-regulated in both tumor and in adjacent
tissue [78], preferring intussusceptive angiogenesis instead
of sprouting angiogenesis. Besides, the rate of endothelial
cell proliferation is low in a cirrhotic background [82],
further suggesting that another mechanism different from
sprouting angiogenesis might exist. Hence, intussusception
may play an important role in the angiogenesis of HCC.
However, the direct evidence is absent.

Vasculogenesis in HCC

Recently, vasculogenesis in HCC has been shown to
involve vessel changes in which the formation of blood
vessels is due to the arrival and differentiation of endo-
thelial progenitor cells (EPCs) generated from bone mar-
row. Ho et al. reported that the level of circulating EPCs is
significantly higher in HCC patients than that in patients
with cirrhosis or in healthy controls, and higher circulating
levels of EPCs are detectable in the patients with advanced
unresectable HCC relative to patients with resectable HCC
[83]. Others report that EPCs can incorporate into vessel
walls of different sizes, mostly in the microvessels in cir-
rhotic and tumor tissues of the patients with HCC [84].
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Although the exact mechanisms for recruitment and hom-
ing of EPCs to liver cirrhosis or liver cancer are unclear, it
is evident that the mobilized EPCs participate in the vas-
culogenesis of HCC.

Vasculogenic mimicry in HCC

Vasculogenic mimicry has increasingly been recognized as
an important form of vasculogenic structure in solid
tumors. This process of cell plasticity occurs mainly in
aggressive tumors; the tumor cells de-differentiate to an
endothelial phenotype and form tube-like structures. This
provides tumor cells with a secondary circulation system of
vasculogenic structures lined by tumor cells, independent
of angiogenesis [85]. Vasculogenic mimicry has been
shown in HCC [86-88]. It has been identified by the
presence of red blood cells in vessels lined by HCC cells,
which are CD31- and CDI105-negative and HGF- and
VEGF-positive. The presence of vasculogenic mimicry is
associated with a high tumor grade, invasion and metas-
tasis, and shorter survival. The exact mechanisms under-
lying mimicry still needs to be clarified, but the related
molecules, mainly involving extracellular matrix and
hypoxia have been summarized in a recent review [89].

Vessel co-option in HCC
Tumor cells can grow along existing vessels without
evoking an angiogenic response, which is defined as vessel

co-option. The phenomenon has been described in glio-
blastoma multiforme and non-small cell lung cancer [90, 91].
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Holash et al. reported that a subset of tumors rapidly co-opt
existing host vessels to form an initially well-vascularized
tumor mass in which the co-opted vessels will undergo
a widespread regression, leading to a secondarily avascular
tumor and massive tumor cell apoptosis, but the remaining
tumor is ultimately rescued by robust angiogenesis at
the tumor margin [92]. The expression patterns of VEGF
and the natural Tie-2 receptor antagonist Ang-2 strongly
implicate them in these processes [46, 92]. Ang-1 expres-
sion does not change significantly throughout tumor
development. The co-opted vessels display striking and
specific up-regulation of Ang-2. In the early stage, there is
minimal up-regulation of VEGF, and the elevated Ang-2
may induce vessel regression in the absence of VEGF.
Subsequently, VEGF up-regulation coincident with Ang-2
expression at the tumor periphery is associated with robust
angiogenesis.

The hypothesis that vessel co-option exists in HCC is
put forward by Zeng et al. without further testing due to the
lack of a vascular marker for endothelial co-option [78].
However, accumulating evidence supports the hypothesis
that co-option does exist in HCC. First, liver is a well-
vascularized organ providing efficient vasculature for
vessel co-option. Second, the two main characteristics of
arterialization and sinusoidal capillarization in HCC
developed from OAH gradually increase following lesions
progression [58], suggesting a continuous remodeling of
tumor vasculature from the pre-existing vessels. CDA4,
CD14, and CD32, the specific phenotypes of LSECs
expressed in early and well-differentiated HCC cases are
similar to those of the LSECs in normal liver, but they are
not expressed in poorly differentiated HCC [93] suggesting
a regression or differentiation of pre-existing vasculature
after being integrated into tumor vasculature. Third, the
rate of LSEC proliferation is low—from 0.02 to 0.03—in
HCC [82] suggesting that other source(s) of endothelial
cells including vessel co-option should exist in addition to
conventional angiogenesis for the rapid establishment of
tumor vasculature. Fourth, vessel co-option is present in
liver metastases [94]. Last and most important, early HCC
does not destroy the preexisting architecture of liver lobule
and pseudolobule [95]. Taken together, vessel co-option
might be an important component of tumor vasculature
development in HCC worthy of further investigation.

Lymphangiogenesis in HCC

Lymphatic vessels are also part of the vascular circulatory
system. The lymphatic vascular endothelial hyaluronan
receptor-1 (LYVE-1), podoplanin, and the transcription
factor Prox1 are three lymphatic-specific markers for lym-
phatic endothelial cells [96]. By immunohistochemistry,
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LYVE-1 is present not only in lymph vessels, but also in
LSECs; it is absent from angiogenic blood vessels of HCC
and only weakly present in the microcirculation of regener-
ation hepatic nodules in cirrhosis [97]. Prox1 is abundant in
cirrhosis; it is restricted to the tumor margin and surrounding
liver in HCC [97]. Podoplanin is present in the stroma
weakly, but not present in the parenchyma of healthy liver
tissue or cirrhosis; it is present within the tumor parenchyma
as well as within the intratumor septa in HCC [98].

This limited evidence suggests that lymphatic endothe-
lial cells may be special LSECs whose phenotype alters
following the development of HCC. Tumor-associated
lymphangiogenesis is involved in the neovascularization of
HCC. The lymphatic microvessel density showed a trend
toward association with reduced survival and represents an
independent prognostic factor for disease-free survival,
indicating that the role of lymphangiogenesis for tumor
progression in HCC is related to the risk of recurrence
rather than to local tumor growth [98]. Lymphangiogenesis
is mainly regulated by the VEGF-C/VEGF-D/VEGFR-3
system [99-102], however, not much is known about the
role of this signaling system in the lymphangiogenesis of
HCC.

Strategies of anti-angiogenic therapy against HCC

Preliminary results from clinical trials of single-agent anti-
angiogenic therapy in advanced solid cancers have shown
poor efficacy [103]. Many molecular-targeted drugs have
been tested for HCC [104]. The multi-tyrosine kinase
inhibitor sorafenib is the first (and so far the only) drug that
has shown an overall survival benefit to the patients with
HCC in two multi-centre, double-blind, placebo-controlled
randomized phase III trials (SHARP trial and Asia-Pacific
trial) [105, 106].

The following reasons are speculated to explain the
limited efficacy of current anti-angiogenic therapy in HCC:
first, most of anti-angiogenic agents, such as sorafenib,
bevacizumab, sirolimus, everolimus, sunitinib are mainly
targeting sprouting angiogenesis, leaving other angiogenic
modalities unaffected. For example, the vascular remod-
eling can present as substitute [79]. Second, anti-angio-
genic agents mainly interfere with newly formed blood
vessels, but not with mature blood vessel supported by
pericytes [107, 108], leaving the mature vessels fully
functioning. Third, some anti-angiogenic agents can block
the cell cycle of tumor cells, but cannot induce tumors
apoptosis [109], therefore, weakening its antitumor effect.

For better efficacy, several strategies of anti-angiogenic
agents against HCC must be considered: (1) combination
of different angiogenic pathway inhibitors; (2) combination
of anti-angiogenic agents with vascular disrupting agents,



Hepatol Int (2010) 4:537-547

543

Table 1 Characteristics of different patterns of vasculature establishment in liver regeneration and HCC

Lymphangiogenesis

in HCC

Vessel cooption
in HCC

Vasculogenesis  Vasculogenic

in HCC

Intussusceptive
angiogenesis
in HCC

Sprouting

Sprouting angiogenesis
in liver regeneration

Characteristics

mimicry in HCC

angiogenesis in HCC

EC, LSEC, HSC Lymphatic endothelial cells

Cancer cells

EPC
Down-regulated Unclear

LSEC LSEC

LSEC, HSC

Main cell type

Unclear

Up-regulated

Unclear

Up-regulated

Up-regulated

VEGF signaling

Unclear

Up-regulated

Unclear Unclear

Up-regulated Unclear

High rate

Up-regulated

Angiopoietin/Tie signaling

Unclear Unclear

Unclear Unclear

Low rate

High rate

Proliferation of endothelial cells

Unclear Unclear

Unclear Unclear

Unclear

Unclear

Occurs in late stage

Apoptosis of endothelial cells

HCC hepatocellular carcinoma, LSEC liver sinusoidal endothelial cell, HSC hepatic stellate cell, EPC endothelial progenitor cells, VEGF vascular endothelial growth factor

which mainly disrupt established blood vessel; and (3)
combination of anti-angiogenic drugs with surgery, che-
motherapy, radiotherapy, and biotherapy.

Conclusion

The establishment of vasculature is a complicated process
regulated by pro- and anti-angiogenic factors [110]. During
liver regeneration, the balance is broken mainly due to
hypoxia, which activates VEGF/Ang-driven sprouting
neovascularization, leading to the formation of a func-
tionally normal blood system. In addition to sprouting
angiogenesis, other mechanisms identified in tumor include
intussusceptive angiogenesis, the recruitment of EPCs,
vessel co-option, vasculogenic mimicry and lymphangio-
genesis [89]. All of these angiogenesis models have been
shown to be present in HCC, as summarized in Table 1,
suggesting that neovasculogenesis of HCC is even more
complicated than predicted. Anti-angiogenic therapy is
becoming more and more important in HCC management.
Its advantage and shortcoming should be recognized for
proper selection of anti-angiogenic agents combined with
standard therapeutic modalities. Understanding the exact
mechanisms of neovasculogenesis in HCC remains fun-
damental for the development of more effective treatments
and the prevention of HCC recurrence.
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