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Abstract

Recent data indicate that hepatic angiogenesis,
regardless of the etiology, takes place in chronic liver
diseases (CLDs) that are characterized by inflam-
mation and progressive fibrosis. Because anti-
angiogenic therapy has been found to be efficient in
the prevention of fibrosis in experimental models of
CLDs, it is suggested that blocking angiogenesis could
be a promising therapeutic option in patients with
advanced fibrosis. Consequently, efforts are being
directed to revealing the mechanisms involved in
angiogenesis during the progression of liver fibrosis.
Literature evidences indicate that hepatic angiogenesis
and fibrosis are closely related in both clinical and
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experimental conditions. Hypoxia is a major inducer of
angiogenesis together with inflammation and hepatic
stellate cells. These profibrogenic cells stand at the
intersection between inflammation, angiogenesis and
fibrosis and play also a pivotal role in angiogenesis.
This review mainly focuses to give a clear view on the
relevant features that communicate angiogenesis with
progression of fibrosis in CLDs towards the-end point of
cirrhosis that may be translated into future therapies.
The pathogenesis of hepatic angiogenesis associated
with portal hypertension, viral hepatitis, non-alcoholic
fatty liver disease and alcoholic liver disease are also
discussed to emphasize the various mechanisms invo-
Ived in angiogenesis during liver fibrogenesis.

Key words: Liver fibrosis; Angiogenesis; Cirrhosis;
Fibrogenesis; Hepatic stellate cells; Vascular endothelial
growth factor; Hypoxia; Chronic liver disease
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Core tip: Hepatic angiogenesis is closely associated
with the progression of fibrosis in chronic liver diseases
(CLDs). Recent evidences demonstrated that blocking
angiogenesis means also prevention of fibrosis progre-
ssion. Hypoxia plays a crucial role in eliciting angiogenesis
together with hepatic stellate cells being the most
prominent sources of vascular endothelial growth factor
and Angiopoietin-1. Adipokines, endoplasmic reticulum
stress and related unfolded protein response; neuropilins;
might be future therapeutical target in the progression
of fibrosis in CLDs. Moreover studies on non-alcoholic
steatohepatits demonstrated that of angiotensin and
renin inhibitors could be effectively used as a new treat-
ment strategy against angiogenesis in the prevention of
fibrosis in CLDs.
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INTRODUCTION

Angiogenesis, the formation of new vessels from
preexisting vasculature, is an active, growth factor
dependent and hypoxia induced event that takes place
in several organs during growth and repair of injured
tissues'™?, It should always be distinguished from
other characteristic mechanisms of vessel growth that
include vasculogenesis, arteriogenesis, and collateral
vessel growth®™*,

Although it is crucial for tissue growth and reg-
eneration, accumulated evidence indicated that angio-
genesis develops in many organs during multiple
pathologic situations. Angiogenesis is a fundamental
part of tumor progression and contributes to the
pathogenesis of different inflammatory, fibroproliferative
and ischemic diseases'. Recent studies demonstrated
that chronic liver diseases (CLDs) can not be excluded
from this rule, emerging angiogenesis as a promising
therapeutic target™ !,

As a matter of fact angiogenesis does not solely
takes place in CLDs but has been clearly documented
in many conditions including liver regeneration (after
acute liver injury or partial hepatectomy), ischemia,
in primary (hepatocellular carcinoma) and metastatic
tumors®*?, It is still unclear whether angiogenesis
represents a simple response to maintain homeostasis
or one that exerts a pathological role leading to liver
injury. However, recent data in CLDs have been re-
leaved that angiogenesis might contributes to the
progression of fibrosis during the wound healing
process in chronic liver damage™>”*'%*?, Consequently,
efforts are being directed to revealing the mechanisms
that are involved in angiogenesis in CLDs with different
etiology.

In this review first, a consideration of the basic
mechanisms and events in angiogenesis will be
described. The following section will be focused to give
a clear view on the relevant features that communicate
angiogenesis with progression of fibrosis in CLDs
towards the-end point of cirrhosis. I recommend to
the intrested reader to refer to more detailed com-
prehensive articles on the role of angiogenesis in liver
regeneration or liver tumors.

ACTORS THAT STIMULATES
ANGIOGENESIS

In general two main pathways are determined in the
progression of angiogenesis in all tissues: inflammation
and hypoxia.

In physiological angiogenesis, an immune response
triggered by tissue damage provide the extravasa-
tion of immune cells from peripheral blood into the
injured tissue leading to the restoration of tissue
homeostasis™®!. However, the persistence of tissue
damage and accompanying inflammation perpetuates
the activation of endothelial cells (ECs) resulting an
increase of vascular permeability and promoting
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chemokine-mediated recruitment of inflammatory
cells™ ™!, These cells can produce angiogenic cytokines
and growth factors that induce the proliferation and
migration of ECs that are necessary for the formation
of new vessels!"*'*'®, Besides, during chronic inflam-
mation the accumulation inflammatory cells together
with fibrosis may contribute to hypoxia, by increasing
the resistance of damaged tissue to blood flow
and oxygen (0Oz) supply™**??, On the other hand
accumulated evidences indicate hypoxia alone could
be important in the stimulation of angiogenesis and
can also stimulate inflammation leading to a viscous
circle between inflammation and angiogenesis®?"*?
(Figure 1). Hypoxia activates angiogenesis as a result
of signaling mediated by hypoxia-inducible factors
(HIFs)!22-#1 By definition, these critical molecular
mediators are transcription factors which promote
cells to react to the reduced levels of pO: in the site of
injury by up-regulation of several genes carrying the
hypoxia response elements (HRE) sequences in their
promoter or enhancert***?%, HIFs are heterodimers
formed by an oxygen sensitive and inducible a subunit
and an oxygen-independent B subunit™***?¥, Three a
subunits, named hypoxia inducible factor-1-o. (HIF-1a),
HIF-20 and HIF-3o have been described and all bind
to a common B subunit named, the aryl hydrocarbo
nuclear receptor translocator (ARNT), alternatively,
HIF-1p™**%, The best-characterized member of this
family is HIF-1, is regarded as a main regulator of
homeostasis ['***?%, Under the normal levels of O,
HIF-1a is incessantly hydroxylated by several enzymes
[prolyl-hydroxylases (PHD1,PHD2 or PHD3) and
asparaginyl hydroxylase (FIH1)] whose activity is O2
dependent'***¥, This modified HIF-10 scaffolded on
a multimeric protein complex including von Hippel-
Lindau protein(VHL) leading to rapid ubiquitination
and proteasomal degradation®?*, Hypoxia inhibits the
activity of O2 dependent enzymes and HIF-1a forms a
heterodimer with HIF-1B subunit then phosphorylated
and stabilized to form a transcriptional complex able to
bind HRE sequences in the promoter region of target
genes in the nuclei®?*, HIFs activate transcription
of a broad range of genes!'?!9?2241 Although a
comprehensive list of HIF targets exist, only oxygen
dependent regulation of HIF-1a in normal and hypoxic
conditions is in the scope of this article. The target
genes in mediating hypoxia-induced angiogenesis are
demonstrated in Figure 1.

PHASES OF ANGIOGENESIS AND
MOLECULES INVOLVED

The development of new functional vessels is closely
related to precise orchestration of the molecular
effectors that stimulate different processes. It com-
prehends consecutive phases and a large spectrum of
proangiogenic mediators. These phases and mediators
that are involved in angiogenesis are described in
Figure 2.
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Figure 1 Link between angiogenesis, inflammation and fibrosis. Hypoxia plays a crucial role in the the activation of HIF-1. HIF-1c.: Hypoxia inducible factor
1oi; HIF-1B: Hypoxia inducible factor 1f3; HRE: Hypoxia responsive elements; VHL: Von Hippel Lindau protein; PDH: Prolyl hydroxylated domain; VEGF: Vascular

endothelial growth factor.

Sprouting and budding of ECs
This is the fist step of angiogenesis that involves
the changes in structural organization in terms of
intercellular and matrix interactions of ECs. In qui-
escent state ECs adhere to each other and to ex-
tracellular matrix (ECM) through inter-endothelial
junctions (IEJs) and integrin receptors that provide
together a mechanical strength and tightness to
establish a barrier, as well as allow intercellular
communications®?®, IEJs comprise tight junctions,
gap junctions and adherens junctions™?”!, While
occludin, claudins, and junctional adhesion molecules
are the keystones of tight junctions, VE-cadherin is
necessary for formation of adherens junctions and
connexins constitute gap junctions”?, The contacts
are also relevant through CD31 (PECAM1)>?, The link
between ECs with ECM is provided by the connection
of integrin receptors with matrix proteins [fibronectin
(FN) or vitronectin (VN)]2*?” (Figure 3).

After an initiating stimulus (mainly hypoxia) NO-
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dependent vasodilation and the influence of Ang-2 and
vascular endothelial growth factor (VEGF) on increased
vascular permeability with loosening of all those
inter-endothelial contacts result in leakiness from
vessels?*?® The extravasation of plasma proteins
together with ECM components constitute a scaffold
for migration of ECs™*?®, The main antagonist to
these starting events is represented by Angiopoietin-1
(Ang1), which tightens inter-endothelial contacts!**.

ECM degradation and EC migration

In order to allow migration, proliferation of ECs to form
new sprouts, the ECM network has to be submitted to
a process of proteolytic remodeling. This remodeling
are related to the coordinated activity of matrix
metalloproteinases (MMPs), plasminogen activators
(mainly urokinase plasminogen activator or uPA)
and their inhibitors [tissue inhibitors (TIMPs) and
plasminogen activator inhibitor (PAI-1)]%"?*%%, Other
proteinases, including heparinases and cathepsins

March 27,2015 | Volume 7 | Issue 3 |



Elpek GO. Angiogenesis

Stimulators

NO, VEGF, MMPs
Ang-2*

Phases of angiogenesis

Vasodilatation

VEGF, FGF, BFGF, Sprouting
HGF, TGF-a, TGF-p / and
[ budding

| ECM remodeling

VEGF, MMPs, and [
integrins l EC migration
VEGF, FGF, BFGF, |
HGF, TGF-c, TGF-p l EC proliferation l
TNF-a, FGF, PDGF, | Lumen formation
Neuropilin, MMPs

TGF-B, PDGF, | .
Tie-2, PAI1 Maturation l

stabilization

Inhibitors

Ang-2, Ang-1
Endostatin

Ang-2, Tie-2

TIMP, PAI1, TSP-1,
angiostatin

Endostatin

Ang-2, Tie-2

Ang-2, Tie-2

Figure 2 Phases of angiogenesis and the agents involved. NO: Nitric oxyde; VEGF:Vascular endothelial growth factor; MMPs: Matrix metalloproteinases; Ang-2:
Angiopoietin 2; FGF: Fibroblast growth factor; BFGF: Basic fibroblast growth factor; HGF: Hepatocyte growth factor; TGF-o.: Transforming growth factor-a; TGF-:
Transforming growth factor-B; TNF-a.: Tumor necrosis factor-o; PDGF: Platelet derived growth factor; PAI: Plasminogen activator inhibitor; Ang-1: Angiopoietin-1;

TIMP: Tissue inhibitor of metalloproteinase; TSP-1: Thrombospondin-1.

are also involved®”%, The proteoliytic degradation of
ECM gives rise to the exposure of cryptic epitopes and
to disruption of integrin-mediated contacts between
ECs and ECM leading to migration of ECs. vf3 and
vB5 integrins regulate the connection of ECs to the
ECM and provide their communication with their
microenvironment'>*®". On the other hand they (vp3
and vBp5) may also act as anti-angiogenic factors by
inhibiting VEGF and VEGF receptor Type 2 [VEGFR-2
(FIk-1)1%2*4, It should be noted that proteolysis during
angiogenesis should be well balanced®*. Insufficient
or inadequate proteolysis prevents migration of
ECs*?7%, However, an exaggerated degradation
of ECM impairs the migration of ECs through the
disorganisation of supporting structures and results
in inhibiton of angiogenesis®*>%, Proteinases can also
mediate the release of ECM-bound proangiogenic
factors [VEGF, basic fibroblast growth factor (bFGF) and
transforming growth factor 1 (TGF 1)] or proteolytically
activate other factors, as such facilitate the migration
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of ECs™,

Endothelial cell proliferation, tube formation and
branching

Several angiogenic growth factors that are secreted
both by ECs or surrounding cells induce the proli-
feration of ECs. The most relevant angiogenic factor is
VEGF, that act mainly on cells expressing two tyrosine
kinase receptors, VEGF-R1 (FLT-1) and VEGF-R2P**3%,
Other growth factors including transforming growth
factor- (TGF-), fibroblast growth factor (FGF), TGF-
and hepatocyte growth factor (HGF) also up-regulate
EC proliferation™, In addititon, cytokines also provide
positive stimuli for proliferation of ECs!'’*1, Certain
chemokines, lipid mediators and hormones may
stimulate proliferation of ECs!*®!. In contrast, angiostatin,
endostatin, interferon, platelet-derived growth factor
4, leukemia inhibiting factor and Antithrombin II
are potent inhibitors of EC proliferation®®”. Following
proliferation of ECs, signaling pathways and mediators
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VEGF: Vascular endothelial growth factor.

that determine tube formation and branching are
activated”®*”). ECs accumulate in the form of tubular
structures. VEGF, Ang-1, vp3 and vB5 integrins are
mainly responsible in the regulation of both the
diameter and length of these structures. The most
potent antagonist of this phase is thrombospondin™®*",

A three dimensional of an efficient vessel network
requires precise orchestration of signaling pathways
that influence branching of new vessels, deposition
of ECM and formation of basement membrane!®*>?,
Branching is mainly monitored by ephrins and neu-
ropilins®***!, TIMPs and MMPs regulates of ECM depo-
sition and formation of basement membrane.

Vessel maintenance, maturation and stabilization

For nascent vessels to mature and to stabilize the
recruitment of pericytes is required. This is regulated
mainly by the secretion of platelet derived growth
factor (PDGF)-BB""*!. PDGF-BB and its receptor
PDGF-b subunit play a crucial role in the stabilization
of nascent vessels***!!, PDGF-BB is released by ECs
and contributes to recruit of PDGFR- b expressing
mesenchymal cells to nascent vessels and leads to
their proliferation™®*!], Besides its role in the regulation
of vessel maturation through stimulation of ECM,
TGF-1 also induces differentiation of mesenchymal cells
into pericytes'*?. Pericytes release Ang-1 that interacts
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with the corresponding receptor Tie-2 expressed on
ECs facilitates the formation of junctions between ECs
and pericytes eventually leading to the stabilization
of nascent vessels!**, Whereas lack of migration of
mural cells into nascent vessels results in fragile and
permeable vessels that results in hypoxia, an excess
of Ang-1 ending up with the formation of tightened
vessel and prevents angiogenesis™"**!,

It should be noted that Ang-2 acts differently in
angiogenesis. In the presence of angiogenic signals
(VEGF, Ang-1, PIGF, PDGF-BB) Ang-2 can activate
Tie-21*7%), However, in the absence of angiogenic
signals or in an excess of anti-angiogenic factors in the
microenvironment Ang-2 can block Tie-2 allowing to
EC death and vessel regression**®! .

HEPATIC ANGIOGENESIS

In liver, angiogenesis proceeds with steps and mole-
cular mechanisms that mostly coincide with those
demonstrated in other part of the body. However, a
number of differences in liver render angiogenesis
more complex®***), These differences are: (1) liver
parenchyma possesses two different microvascular
structures: Large vessels such as portal vessels that
are lined by a continuous ECs lying on a basement
membrane and liver sinusoids that are lined by
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fenestrated and discontinuous Ecs; (2) the presence
of liver derived angiopoietin-like peptide 3 (ANGPTL3).
Although no data are available at present on its role
in liver angiogenesis, this peptide do not bind to
the angiopoietin receptor Tie-2 but can bind avp3
integrin, inducing EC adhesion and migration and
function to manipulate angiogenesis™*>*®, ANGPTL3
also regulates lipid, glucose, and energy metabolism
independent from angiogenic effects™*®; and (3) the
“stars” of liver fibrogenesis, hepatic stellate cells
(HSCs), especially in their activated and myofibroblast
like phenotype may contribute to angiogenesis and
vascular remodeling in liver®**), Whereas HSCs
regarded as liver-specific pericytes, they differ from
their microcapillary counterparts because they play an
active role in modulating angiogenesis™®. The role of
activated HSCs in angiogenesis during liver fibrosis will
be described in more details in following sections.

Mechanisms of hepatic angiogenesis

During chronic liver injury, angiogenesis can be inter-
preted by two basic phenomena. First, many liver
diseases are characterized by inflammation and
fibrosis leading to progressive tissue hypoxia which
in turn stimulates angiogenesis™*!. Second, wound
healing typical for CLDs is defined by an increase in
the expression of some cytokines, growth factors
with proangiogenic action™*'*'*, Both pathways con-
tribute to structural and functional chages in liver
angioarchitecture®>*>',

Hypoxia and hepatic angiogenesis: After the
first evidence about the parallel development of
angiogenesis and fibrosis during liver injury their
association with hypoxia has been described by many
studies™'******7) Indeed both in humans and in
experimental models, chronic liver damage is defined
by an increase in EC numbers and microvessels, the
latter being particularly prominent in portal tracts and
fibrotic septa®>****®, On the other hand, the co-
localization of VEGF-A expressions with hypoxic areas
and a parallel increase of VEGF-A expression and
hypoxic areas during progression of fibrosis have been
supported that hypoxia; angiogenesis and fibrosis are
closely related™***!. Moreover, the response to hypoxia
and VEGF expression not only encountered in ECs but
also in hepatocytes as well as HSCs in the progression
of fibrosis. Currently with accumulated data, it is
possible to conclude that hypoxia is one of the most
important stimulus to switch on the transcription of
pro-angiogenic genes through the action of HIFs!™,
This is not surprising because angiogenesis is
frequently encountered in any kind of wound healing
response and, as previously suggested, in liver chronic
activation of this response represents the principal
impulsive force for deposition of ECM components,
leading ultimately to cirrhosis!®>7/1%1%2249:30],

In chronic liver injury progression of fibrosis by
it self can favor the development of hypoxia. During
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this progression the deposition of fibrillar collagen
(type I ) instead of sinusoidal collagen (type IV)
leads to the formation of regenerative nodules of
parenchyma, encircled and divided by fibrotic septa,
and closely related with prominent changes in
angioarchitecture****!, The anatomical changes that
follow the progression of fibrosis with an increased
participation of the hepatic artery to the generation of
sinusoidal blood allows to arterialisation of sinusoidal
blood flow with higher oxygen concentration!*®>",
Accordingly, continuous capillarisation of sinusoids
occurs and causes the loss of specific endothelial
fenestrations!***!. This process together with the
accumulation of fibrotic tissue provokes vascular
resistance and diminishes the transport of oxygen
to the parenchyma leading to up-regulation of pro-
angiogenic mechanisms via hypoxia®*¥. Recently it
has been noted that the pattern of fibrosis (bridging
fibrosis, peri-cellular fibrosis, centrilobular fibrosis) can
affect the extent of angiogenesis and favor progression
of liver injury, representing at the same time a key
limiting factor for fibrosis reversibility™**®,

In liver, inflammation is a biological response for
activation of healing process following cellular injury™.
However prolonged inflammation in chronic liver injury
may affect the extent of angiogenesis and favors fibrosis
progression. During injury HSCs may be activated
and release inflammatory mediators®™>?"**>!, These
mediators can elicit angiogenesis via the induction
of HIF-1a and HIF-1-dependent transcriptional acti-
Vity[3,5,15,21,49»51]_

All of these findings reveal the strong relation
between angiogenic and inflammatory pathways during
chronic liver injury. In hypoxia, HIF-1 not only induces
angiogenesis but also stimulates the NF-k pathway,
thus induces inflammation®***!. Moreover, both events
are capable of supporting each other™ (Figure 1).
Therefore neovessels themselves express chemokines
as well as adhesion molecules and stimulate the
recruitment of inflammatory cells that allows to the
prolongation of the inflammatory responsel*®°",
Consequently angiogenesis in the earlier phases of
liver damage contributes to the progression from acute
to chronic inflammation™*>"!,

Inflammatory cells in hepatic angiogenesis:
Activated Kupffer cells that reside in hepatic sinusoids
may contribute to angiogenesis by their ability to
release of reactive oxygen species (ROS) and platelet-
activating factor (PAF)®!. An increase of ROS and
nitrogen species may induce new vessel formation
by the stimulation of TNF-, NO, HIF-1 and VEGF
expressions®®***, TNF- an inflammatory cytokine that is
primarily produced by macrophages can also stimulates
the mitogen-activated protein kinase (MAPK)/ERK
pathway that can also stimulates angiogenesis®®'!. PAF
induces nuclear factor (NF)-k activation that stimulates
angiogenic factors including VEGF?*>>*%,

Mast cells are involved in the regulation of angio-

March 27,2015 | Volume 7 | Issue 3 |



genesis by releasing mediators (histamine, heparin,
tryptase, TNF, TGF-1, cytokines, interleukins) and they
also affect the number of ECs , including ECs covering
liver sinusoids™">>°%,

The inflammatory response is not solely induced
via the activation of cells that reside in the liver**",
As mentioned above during tissue injury increased
vascular permeability promotes chemokine-mediated
recruitment of inflammatory cells. Besides their role
in angiogenesis chemokines may also regulates
the influx of leucocytes™. Leucocytes can produce
angiogenic factors [VEGF, PIGF, PDGF, FGF, Ang-2,
TGF-1, epidermal growth factor (EGF)] and various
interleukins®>*!, Several mediators generated during
chronic liver injury such as hepatocyte growth factor
(HGF) can also contribute to angiogenesis®>**>*"1,

HSCs in hepatic angiogenesis: During chronic
liver inflammation activated HSCs express different
chemokines which are also capable to stimulate
angiogenesis'***"*"*? Therefore, the cellular and
molecular relations between fibrosis and angiogenesis
involve the role of activated HSCs™#%%, They constitute
a crossroad between inflammation, fibrosis and
angiogenesis””. HSCs are sensitive to hypoxia, can be
modulated by both cytokines and chemokines during
liver injury?***®Y, The expression of chemokines by
HSCs is controlled by products of oxydative stress,
proteases, growth factors and pro-inflammatory
cytokines®!. HSCs can also regulate sinusoidal
calibre and blood flow thereby modulates hepatic
microvascular dynamics™". Once activated HSCs act as
proangiogenic cells and may respond to hypoxia in a
HIF-1a related pathway through the increase of VEGF,
Ang-1, and their receptors VEGFR-2 and Tie-21*>>>*31],
On the other hand, they can be activated by
both VEGF and Ang-17***, VEGF stimulates their
proliferation, migration, and chemotaxis™®. In
particular, oriented migration of activated HSCs in
response to either hypoxia or proangiogenic mediators
has been described as a biphasic mechanism!2%3>4862],
This mechanism first switched on by ROS and proceeds
through activation of Ras/ERK and c-Jun-NH2-terminal
kinase isoforms (INKs)®4, This is followed by a delayed
stage of migration that is related to up-regulation of
VEGF expression, leading to the chemotactic action of
extracellularly released VEGF?. These findings are in
accordance with the results of a previous study that
showed activated HSCs that express both VEGF and
Ang-1 were not found in the established bridging septa
which is in contrast to the presence of such cells at
the edge of incomplete fibrotic septat®**®, This finding
demonstrates the presence of two different phases of
angiogenesis in CLDs!®., An early phase that is regulated
by activated HSCs and a later phase in the large
and mature septa with expression of proangiogenic
agents only in ECs reflecting the stabilization of newly
formed vessels®®#*®, Accumulating evidences suggest
that HSCs may operate their pro-angiogenic role in
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a hypoxia-independent manner by responding to a
number of stimuli®******, These include pro-fibrogenic
polypeptide mediators like mainly PDGF and leptin (see
in adipokines section)

PDGF can promote an angiogenic phenotype
of HSC. This phenotype regulates the formation of
vascular tube and enhanced coverage of sinusoids in
vitro and in vivo, respectively!®®?. HSCs together with
PDGF contribute to the modulation of microvascular
structure and function in liver parenchyma'®*®*, PDGF
might play also an additional pro-angiogenic role in
vascular remodeling in cirrhosis!®. A previous study
in experimental biliary cirrhosis model emphasized
that cholangiocytes and HSCs in response to PDGF
have been produced and released Hedgehog (Hh)
ligands that contained in microparticles™®. In normal
circumstances the effect of low level of Hh ligands
released from immature ductular cells antagonized by
Hh interacting protein (HIP) expression by quiescent
HSCs and sinusoidal ECs™. During chronic liver
damage HIP expression is supressed and stimulation
of ductular-type progenitor cells may lead to PDGF-BB
release”*. This event may ends with the production
of Hh ligands by HSCs and ductular cells, which may
influence the gene expression of sinusoidal ECs resulting
in capillarisation of sinusoids and release of NO, then
contributing to vascular remodeling in cirrhosis®®*®*,
Activated HSCs also induce some inflammatory me-
diators and the recruitment of inflammatory cells, to-
gether with hypoxia stimulate the proangiogenic factor
expression from cells in the microenvironment!*®!,
Moreover HSCs are capable to express a large number
of chemokines'®. These include the CC chemokines
(CCL2, CCL3, CCL5)and the CXC chemokines (CXCLS,
CXCL9, CXCL10, CXCL12)**®*®! Many of them have
been related to liver fibrosis in CLDs"®>*), The CXC
chemokines also manipulate angiogenesis during
iniation and progression of fibrosis™®®”). Whereas CXC
chemokines containing the ELR motif (ELR+) stimulate
angiogenesis, chemokines devoid of this motif (ELR-)
inhibit it™®>®”). For instance the direct interference of
angiostatic CXCR3 ligand CXCL4 with VEGF signaling
have been demonstrated in liver angiogenesis during
the progression of fibrosis®. The evidences indicating
the counter-regulation of VEGF-driven angiogenesis
by CXCR3 ligand CXCL9 also decribed both in vivo and
in vitro experimental studies®®’’!. As pointed out by
Yasar et al'® all of these new findings set the stage
for additional investigation of ELR- chemokines as
promising therapeutical targets in CLDs.

Other contributors of hepatic angigogenesis

Adipokines: In CLDs, besides their roles in the
regulation of fibrogenesis, metabolic and inflammatory
processes, adipokines have been shown to be impor-
tant regulators of angiogenesis!®!®**7*771 They
manipulate and induce the agents responsible for
the modulation of angiogenesis!*®*”>7%7°1, Although,
Leptin, visfatin [pre-B cell colony-enhancing factor
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1/nicotinamide phosphoribosyltransferase (PBEF-1/
Nampt)], chemerin [retinoic acid receptor responder
protein 2 (RARRES2), tazarotene-induced gene two
protein (TIG2) or RAR-responsive protein (TIG2)],
and resistin have been found to stimulate angio-
genesis, adiponectin attenuates the new vessel forma-
tion™®7778%_Until now, the effect of vaspin (visceral
adipose tissue-derived serine protease inhibitor, SERPI-
NA12) on ECs has been described in a few study™*®",

Leptin can directly up-regulate VEGF, Ang-1 and
monocyte-chemoattractant protein 1 (MCP-1 or CCL2)
in human HSCs"*®°!, An experimental study has been
demonstrated that leptin has been operated the pro-
angiogenic actions by recruitment/stabilization of
HIF-1a and nuclear translocation of HIF-17Y. Leptin
increases gene expression of the VEGF and Ang-17.,
After induction of fibrosis in rat the specific leptin
receptor ObR was found to be co-localized with VEGF
and aSMA”"®, More recently both leptin and PDGF-
BB up-regulated VEGF in HSCs"*®""*3, Pro-angiogenic
role of leptin involves both activation of the mammalian
target of rapamycin (mTOR) pathway and generation
of ROS via NADPH-oxidase, the latter being relevant for
HIF-10, stabilization but not for mTOR activation”**%,

An interesting adipokine, is apelin that has
been reported to be markedly increased in cirrhotic
livers®®®, It is overexpressed by HSCs and the use
of an antagonist of the apelin receptor inhibits both
angiogenesis and hepatic fibrosis’®*!. In HSCs exposure
to recombinant apelin allows to an increased synthesis
of type I collagen and PDGF- receptor. It expression is
also up-regulated by hypoxia™®.

Endoplasmic reticulum stress and consequent
unfolded protein response: The changes in
microenvironment, such as hypoxia provoke to cell
and consequently endoplasmic reticulum (ER) stress
that result in the unfolded protein response (UPR)
to maintain cellular homeostasis™® ", This response
takes place in a number of processes in liver including
angiogenesis'®®!, The role of angiogenesis and ER
stress in the pathogenesis of CLDs is reported®”.
Although the relation between the UPR and angio-
genesis is not fully described evidences indicate that
ER stress induces angiogenesis in CLDs!®®®, It is
suggested that further studies concerning the role of
the UPR in new vessel formation could provide new
anti-angiogenic targets that inhibit specific ER stress
mediators™”.

Neuropilins: Neuropilins (NRPs) were originally
identified as receptors for class 3 semaphorins, poly-
peptides with key roles in the nervous system® 4,
Following studies have been revelead that NRPs
are also contribute in many signaling pathways
such as PDGF, TGF- and VEGF signaling®"**°%. NRP
overexpression was also observed in specimens from
CLDs and some studies revealed a role for NRP-1 as
a regulator of angiogenesis (see above) and may be
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involved in the progression of liver cirrhosis® . In

some experimental models of liver fibrosis a NRP-1
neutralizing antibody diminished VEGF responses of
ECs in cultures™. Because antibodies to NRP-1 are
under investigation in phase I trials, it is suggested
that these antibodies might be available for future
antifibrotic therapies that targets PDGF, TGF-3 and
VEGF in CLDs”"***,

ANGIOGENESIS IN CLDS

Chronic viral hepatitis

Althought in chronic viral hepatitis (CVH), the mole-
cular mechanisms of angiogenesis have not been
fully discovered, accumulated evidences suggest that
angiogenesis plays an important role in the progression
of disease™. The stimulation of migration and
proliferation of ECs by sera from patients with CVH
[especially in hepatitis C virus (HCV infection)]; the
frequent occurence of angiogenesis in CVH when
compared to normal tissues and a positive correlation
between the intensity of angiogenesis and activity of
inflammation are important findings that support an
active role of angiogenesis in CVH progression®®%¢%8,
Other evidences about the contibution of angiogenesis
in the progression CVH are the up-regulation of HGF
(that induce proliferation of ECs via VEGF pathway),
the increase of PDGF expression and its receptors in
sinusoidal and HSCs, the overexpression of inducible
NO synthase leading to NO overproduction**#®789:1001,
Moreover the amount of angiogenesis and hepatic
VEGF expression is associated with the grade of
fibrosis indicating the potential role of angiogenesis in
the progression of fibrosis in CVH™*7>?7%, In patients
with CVH as well as in cell cultures an increase in Hh
activity was found to be related with poor prognosis
suggesting that blocking Hh pathway may be another
approach in the inhibition of fibrosis in CVH!%!,

During hepatitis, HCV may activates several path-
ways and systems that are implicated in angiogenesis.
The core E1, NS3 and NS5A proteins induce mitho-
chondrial dysfunction resulting to generation of new
ROS that leads to induction of HIF-1 and up-regulation
of VEGF and placental growth factor (PIGF)!"*>'%1, The
first evidence about the modulation of HIF-1a in HCV
infection has been described in 2007 by Nasimuzzaman
et al"® that demonstrated non-structural proteins
have the capacity to induce HIF-1a, even in normoxia.
The induction of oxydative stress activates several
kinase pathways (such as PI3K and MEK) leading
to an increase of HIF-1a synthesis that may results
in angiogenesis!'®%!, More recently Abe et a/**®
observed that under hypoxia, transfection with the
HCV Core protein activated NF-kB signaling (by an
unknown mechanism) resulting in transcriptional up-
regulation of HIF-1a. mRNA and eventually augmented
HIF-1a. However, these results were found in cell lines
already containing HCV. Therefore the relevance of the
Core protein overexpression in a natural HCV infection

March 27,2015 | Volume 7 | Issue 3 |



remains to be elucidated. It is also demonstrated that
proangiogenic markers are increased in sera from
patients with HCV hepatitis and their concentrations
significantly diminished after therapy (pegylated
interferon and ribavirin)“**'*"'%!, These findings indicate
that proangiogenic markers may be valuable in the
follow-up of the disease and response to treatment
in HCV infection*®), Besides, these data also highlight
the close association of angiogenesis, inflammation
and fibrosis during the progression of HCV hepatitis.
Recently it is reported that VEGF-A expression promoted
by HCV results in the loose of cellular polarization
and increased viral entry!®'%, In HCV infected cell
cultures, hepatocytes exposed to VEGF-A inhibitors
regain their polarization and viral infection was reduced
suggesting that VEGF-A inhibitors may be another
treatment option in HCV hepatitis™®*'"). Interestingly,
Rowe et al'*! observed a reduced VEGFR-2 activation
of sinusoidal ECs and a concomitant increase in bone
morphogenetic protein 4 (BMP4) expression in patients
with HCV highlighting that EC-hepatocyte crosstalk
may reduces the activity of VEGF inhibitors in HCV
infection.

Although it will be describted later, it is worhty to
note that steatosis that is frequent during the course
of HCV hepatitis, by provoking the cellular injury
evokes a wound healing which is closely related with
angiogenesis. Indeed CD34 expression are more
frequent in liver tissues with steatosis from HCV infected
patients'®*®. The number of microvessels are increased
parallel to the severity of steatosis™®*®. In high grade
steatosis, angiogenesis is higher in steatotic areas
of parenchyma and primarily observed in periportal
zone (zone 1)**, As HCV hepatitis is also recognised
as metabolic disease as well, various adipokines are
considered to be involved in their progressiont #6113,
Besides their role in the regulation of fibrogenesis,
metabolic events and inflammatory conditions
adipokines are also important in the manipulation of
angiogenesis'*®. Serum leptin levels are higher in HCV
infection when compared to controls®®**'*1, There is also
a positive correlation between level of leptin and the
grade of fibrosis®®®*!. These results point out that, leptin
contributes to angiogenesis that takes place during the
evolution of HCV hepatitis. Besides, a few studies in HCV
hepatitis with new adipokines (visfatin and chemerin
and vaspin) that exert pro-angiogenic activities
also performed!®%*41131 Interestingly, although a
negative correlation between visfatin and the severity
of angiogenesis described in females patients, such
an association did not observed in males!'**!, On the
other hand, vaspin was significantly down-regulated,
but increased in higher stages of fibrosis!'**. In these
patients vaspin was positively related to angiogenesis
with a strong association in males™™**!. Accordingly, it
is suggested that the function of some adipokines in
neovessel formation may be different depending on
gender™,

HBV virus it self can influence angiogenesis. Of the
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different proteins coded in HBV genome, the regulatory
protein X (Hbx) was found to stimulate angiogenesis
directly through the both activation and stabilization of
HIF-1"'%) HbX also promotes the induction of Ang-2
and contribute to angiogenesis''*®), More recently in
viral induced HCC Yen et al™”! observed that Hbx
protein also activates m-TOR and VEGF-A pathways
via up-regulation of IKKp"®!, Although the precise
mechanism of IKKp stimulation by Hbx needs to be
further investigated it seems to represents a potential
new pathway in angiogenesis that occurs in HBV
infectiont®***#,

Angiogenesis and portal hypertension

In addition to gross hepatic structural disorders related
to diffuse fibrosis and formation of regenerative nodules,
the morphological and functional rearrangements of
the hepatic vasculature are shown to contribute in
portal hypertension (PHT). A hyperdynamic splanchnic
circulation is an important constituent of the portal
hypertensive syndrome®“*'***!. An increase of blood
flow in splachnic organs that drain into the portal vein
leading to the augmentation of portal venous flow
provokes the portal hypertensive syndromel!**'?%],
Traditionally, it is accepted that this increase has been
related to an increased production of endogenous
vasodilators together with a decreased vascular
reactivity to vasoconstrictors and the development
of collaterals has been considered a mechanical
consequence of an increased blood pressure!***?,
However, recent studies object to these opinions by
demonstrating that angiogenesis, contributes to the
evolution and perpetuation of splanchnic hyperemia and
the development of portal-systemic collaterals!?****,
Many studies revealed that angiogenesis induced by
VEGF, PDGF and PIGF actively modulates the occurence
of hyperdynamic splanchnic circulationt®*#>2%1, 1t
has been also observed that the formation of portal-
systemic collaterals are also induced by VEGF and PIGF
dependent angiogenesis#?],

It should be noted that in mice with PHT rapamycin
by inhibiting mTOR pathway has been prevented me-
senteric neoangiogenesis and reduced the splanchnic
blood flow!*"'?®], Recently, the effect of PPAR activation
in the improvement of hepatic EC dysfunction and
the dimunition of fibrosis in PHT developed in cirrhotic
rats, suggested that PPARc may represent as a new
therapeutic strategy®'**,

Cannabinoids (CBs) inhibit angiogenesis, but
little is known about their influences in CLDs. In an
experimental study a CB2 agonist alleviated PHT,
severity of angiogenesis, portosystemic shunts, and
liver fibrosis!’*®!, It is suggested that the vascular
effects might be mediated by COX and NOS down-
regulation and concluded that targeting CB2 receptors
might be useful in the control of PHT!**%.,

Briefly angiogenesis participates in the patho-
genesis of PHT by modulating activation of HSCs and
fibrogenesis, splanchnic vasodilation and formation of
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portal-systemic collaterals.

Angiogenesis in fattly liver diseases

Fatty liver diseases (FLDs) possess a broad spectrum
of histopathological findings that ranges from steatosis
through non-alcoholic fatty liver disease(NAFLD) to
non-alcoholic steatohepatitis (NASH) that can cause
cirrhosis™®***!1, Although the mechanism of NASH is not
completely understood, currently it is pointed out that its
pathophysiology should be recognized as multifactorial,
including a link between changes in microvasculature and
the progression of fibrosis!”**"*32,

Tissue damage related both to lipotoxicity and to
fat accumulation results in reduced sinusoidal perfusion
as well as changes in sinusoidal architecture. Cytokines
activated by lipotoxicity mediates the migration of
the inflammatory cells leading to inflammation™®***,
In inflammatory foci these cells can contribute to
angiogenesis. As the disease progress large, fatty
hepatocytes, together with inflammation and related
perivascular fibrosis constrict the sinusoidal lumens and
impair sinusoidal perfusion leading to hypoxia™®**,
All of these events provoking liver damage can innate
angiogenesis.

Recent studies have been demonstrated that
angiogenesis in NASH is significantly increased when
compared to steatosis and control tissues>***,
Moreover, the grade of angiogenesis has been found to
be related to the grade of fibrosis both in humans and
in experimental studies”>"¥. It is also observed that
during the evolution of disease the progression patterns
of fibrosis and angiogenesis are parallel”>***, All of
these findings support that angiogenesis contributes
to the progression of fibrosis in NASH™?. Besides, in
a recent study by employing hepatocyte-specific-VHL
and HIF-1 or HIF-2 mouse mutants demonstrated
that mice with liver conditional disruption of VHL have
spontaneous fatty liver and inflammation progressing
to fibrosis in a HIF-2 dependent way™****®!, These
observations suggest that in addition to its role in
angiogenesis hypoxia together with HIF-2 play a
critical role in inflammation that is also necessary
for the evolution of FLD, as proposed by the two hit
hypothesis!****”], More recently in an elegant study,
Ciupinska-Kajor et al™” detected that in morbid obesity
the activation of angiogenesis took place at an early
stage, when compared to nonobese patients in whom
the activation took place at the level of NASH. Besides,
in this group the expression of angiogenic factors
has been correlated with the progression of fibrosis
independently from the development of NASH. These
interesting findings highlight that in morbid obesity the
progression of liver fibrosis is leaded by angiogenesis
independently from steatosis'*®.

Recently it is observed that similar to HCV hepatitis,
patients with simple steatosis had low level of serum
leptin when compared to patients with NASHM™ %,
It has been indicated that leptin could mediate an-
giogenesis during the progression of steatosis!*®.
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Increased serum level of new angiogenic adipokines,
vaspin and chemerin have been also described in
NAFLD[10'138'139].

Recently a role of angiotensin-II (AT-1I) in the
progression of CLDs, including NASH has been sug-
gested™?'**!, In an experimental model of NASH ,
inhibition of AT-1I by a AT-1I -type- I receptor blocker
(ARB) was significantly decreased the formation of
new vessels!"**'*!l. Moreover it is observed that liver
fibrogenesis might be impaired by both angiotensin
converting enzyme inhibitor (ACE) and ARB along
with inhibiton of the HSCs™*?, These results indicate
that anti-fibrotic effects of these agents were provided
by their dual influence both in angiogenesis and
HSCs!"**'*], It is also demonstrated that in liver the
expressions of AT-1I, TGF-B and VEGF were inhibited
by DRI (direct renin inhibitor-Aliskiren) indicating an
important role of renin during liver fibrogenesis in
NASH™4, Because these agents are frequently used in
practice, it is suggested that they could be effectively
used as a new strategy against angiogenesis that takes
place in the fibrogenic progression of steatohepatitis in
the future.

Angiogenesis in alcoholic liver disease
Evidences also indicate that long-term ethanol con-
sumption is closely related to angiogenesis by means
of finely coordinated action of various mediators in
liver'****”1, Ethanol up-regulates VEGF and VEGFR-2 and
stimulates angiogenesis in the rat liver after 36 weeks
of consumption*****”), Moreover, higher concentrations
of Ang2 and VEGF-A in alcoholic liver disease (ALD)
patients as compared to controls were found. It is
proposed that angiogenesis-related biomarkers are
useful in the noninvasive monitoring of the ALD
course. More recently it is observed that alcohol also
induces angiogenesis via PECAM-1"%), 1t is suggested
that these molecular insights could contribute to the
evolution of new anti-angiogenic treatment strategies.

In conclusion, angiogenesis contributes to the
progression of fibrosis in CLDs. Vascular remodeling
leading to capillarization of the sinusoids with
generation of intrahepatic shunts characterize hepatic
angiogenesis. These changes in angioarchitecture
give rise to an increase in vascular resistance and a
decrease of hepatocyte perfusion leading to hypoxia.
This is the one of the most important stimulus to switch
on the transcription of pro-angiogenic genes through
the action of HIFs. Cellular and molecular mechanisms
implicated in the interactions between angiogenesis
and fibrosis and liver cells including hepatocytes, ECs,
and activated HSCs have been described. HSCs may
constitute a crossroad at the interaction between
inflammation, angiogenesis, and fibrosis. Metabolic
abnormalities, steatosis and adipokines, may also
influence angiogenesis, consequently inflammation and
fibrosis.

The relationship between angiogenesis and fibrosis
progression in CLDs indicates that determination of
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proangiogenic factors may be a useful noninvasive
approach in follow-up of both disease progression and
response to therapy. Although anti angiogenic therapy
may be a promising in the prevention of fibrosis in
CLDs, it should be well balanced because an excessive
blockage may prevent wound healing response. Finally
there are still large gaps in our understanding and
ability to treat angiogenesis during the progression of
CLDs and clinical trials on a large humber of patients
are needed.
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