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PREFACE

Angiogenesis, the process of new blood vessel formation, is both physiological and
pathological in nature. A better understanding of the role of angiogenesis in disease process
has already helped in the development of several classes of anti-angiogenic agents against
various diseases. Inhibition of pathological angiogenesis can help in slowing down the
progression of numerous diseases, such as retinopathies, benign and malignant angiogenic
tumors, progression of malignant tumors, cardiovascular and CNS disorders. Extensive
research in this field is yielding an exponentially growing number of research publications,
focusing on various aspects, such as characterization of new pro- and anti-angiogenic factors,
their role in various diseases, and identification of natural and synthetic molecules with
antiangiogenic properties. This book series entitled, “Anti-Angiogenesis Drug Discovery
and Development” is an attempt to highlight the major developments in this dynamic
interdisciplinary field of research.

Volume 4 of the book series is a compilation of seven scholarly written reviews, focusing on
the molecular basis of angiogenesis in various diseases and on the development of anti-
angiogenic drugs for therapeutic purposes. Rachel Knott’s article is focused on retinal
angiogenesis in diabetes, and other macular degeneration conditions, covering molecular
initiators of angiogenesis and development of specific pharmacological inhibitors. The review
by Ivan Cameron is largely based on his own studies on decline of hypoxia-driven
angiogenesis in cancer through short electromagnetic field exposure, in combination with
infra-red. Rathinavelu et a/. have comprehensively reviewed the success and failures, as well
as lessons learned in anti-angiogenic drug discovery and development in the last six decades.
The chapter by Latrakis focused on various classes of angiogenesis regulators, both positive
and negative, and their merits as well as demerits, in his review. Retinal diseases and their
treatment through anti-angiogenic/anti-VEGF therapies including clinical outcomes, comprise
the theme of the article by Soriano et al. The role of angiogenesis in multiple sclerosis (MS)
has been a topic of extensive research in recent years. Kulkarni et al. have contributed a
chapter reviewing the relationship between MS and angiogenesis, inflammation, and
identification of certain targets for the development of drugs against MS. The last review in
this volume is centered on the role of angiogenesis in portal hypertension (PH), and strategic
directions to treat PH and associated complications through the anti-angiogenic agents.

At the end, we would like to express our gratitude to all the contributors of the above cited
review articles for their excellent contributions in this promising, and exciting field of
biomedical and pharmaceutical research. The efforts of the efficient team of Bentham Science
Publishers for the timely production of the 4™ volume. We are particularly grateful to Ms.
Mariam Mehdi (Assistant Manager Publications), and the excellent management of Mr.
Mahmood Alam (Director Publications).
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CHAPTER 7

Angiogenesis and Portal Hypertension: An Update

Dmitry Victorovich Garbuzenko®, Nikolay Olegovich Arefyev and Evgeniy
Leonidovich Kazachkov

South Ural State Medical University, Chelyabinsk, Russia

Abstract: Developing medicines for hemodynamic disorders that are characteristic of
cirrhosis of the liver is a relevant problem in modern hepatology. The increase in
hepatic vascular resistance to portal blood flow and subsequent hyperdynamic
circulation underlie portal hypertension (PH) and promote its progression, despite the
formation of portosystemic collaterals. Angiogenesis and vascular bed restructurization
play an important role in PH pathogenesis as well. In this regard, strategic directions in
the therapy for PH in cirrhosis include selectively decreasing hepatic vascular
resistance while preserving or increasing portal blood flow, and correcting
hyperdynamic circulation and pathological angiogenesis. The aim of this review is to
describe the mechanisms of angiogenesis in PH, methods for studying angiogenesis in
experimental research, and the perspectives of antiangiogenic therapy. Although most
angiogenesis inhibitors were studied only in animal experiments, this selective therapy
for abnormally growing newly formed vessels is pathogenetically reasonable to treat
PH and associated complications.

Keywords: Angiogenesis, Antiangiogenic Therapy, Liver Cirrhosis, Portal
Hypertension, Pathogenesis, Vascular Remodeling.

INTRODUCTION

Developing medicines to treat hemodynamic disorders that are characteristic of
liver cirrhosis and promote portal hypertension (PH) and related complications is
a relevant problem in modern hepatology. In accordance with the current clinical
recommendations, nonselective B-blockers are the drugs of choice [1, 2].
However, their influence on portal pressure is variable. A number of studies
showed that they did not lead to a clinically significant decrease in portal
pressure, and the weakening of their therapeutic effect was noted in 50-70% of
cases in the long-term period. Also, the question of the appropriateness of using
nonselective B-adrenergic blockers in patients with decompensated cirrhosis has
not been finally resolved [3].

* Corresponding author Dmitry Victorovich Garbuzenko: South Ural State Medical University, Chelyabinsk,
Russia; E-mail: garb@inbox.ru
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Ideally, the pharmacotherapy of PH should lessen the severity of
morphofunctional disorders in the liver, contributing to the reduction of the
vascular resistance to portal blood flow. Also, it should successfully correct a
hyperdynamic circulatory state. As a result, the hepatic venous pressure gradient
(HVPG), the most accurate equivalent of portal pressure, should be reduced to
values less than 12 mmHg or be 20% lower than an original value. In addition, it
is necessary to avoid arterial hypotension and at the same time reduce the influx
of splanchnic blood into the portal vein, keeping unchanged the portal blood flow,
which participates in liver perfusion [4].

Angiogenesis plays an important role in the pathogenesis of many chronic liver
diseases, including fibrosis, cirrhosis, and hepatocellular carcinoma [5]. It can
also accompany PH, underlying its development and causing related
complications. Indeed, the newly formed blood vessels, which bypass sinusoids in
response to the gross morphofunctional rearrangement of the liver in cirrhosis, fail
to provide oxygen and nutrients to the tissues, which worsens the course of the
disease and increases hepatic vascular resistance to portal blood flow [6]. Further
progression of PH is a consequence of complex processes including angiogenesis,
vascular remodeling, and endothelial dysfunction, which contribute to splanchnic
congestion, portosystemic shunt formation, and a hyperdynamic circulatory state
[7] (Fig. 1). From this, it can be inferred that antiangiogenic therapy, which is
selectively aimed at suppressing newly formed vessels’ formation and growth, is a
pathogenetically grounded method of treating PH and associated complications

[8].

MORPHOFUNCTIONAL REARRANGEMENT OF THE HEPATIC
MICROVASCULAR BED IN CIRRHOSIS-ASSOCIATED PORTAL
HYPERTENSION PATHOGENESIS

It is generally accepted that pathologically modified sinusoids are the main sites
of resistance to portal blood flow in cirrhosis. Endothelial cells lining sinusoids
(SEC) become dysfunctional and among other features acquire a vasoconstrictor
phenotype. In this situation, SEC sensitivity to endogenous vasoconstrictors (such
as endothelin, norepinephrine, angiotensin II, vasopressin, leukotrienes,
thromboxane A2) is elevated. At the same time, SEC produce less nitric oxide
(NO), the most studied vasodilator that takes part in the regulation of hepatic
vascular tone [9]. This may be due to the lower activity of endothelial nitric oxide
synthase (eNOS) caused by increased interaction of eNOS with caveolin-1.
Moreover, endotelin-1 stimulates G-protein-coupled receptor kinase-2, which
directly interacts with and decreases protein kinase B (Akt) phosphorylation and
NO production.
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Fig. (1). Potential mechanisms of portal hypertension pathogenesis in cirrhosis. The newly formed blood
vessels, which bypass sinusoids in response to the gross morphofunctional rearrangement of the liver in
cirrhosis, fail to provide oxygen and nutrients to the tissues. This process is accompanied by endothelial
dysfunction and impaired paracrine interaction between hepatocytes, sinusoidal endothelial cells, Kupffer
cells, and activated hepatic stellate cells, and leads to an increase in hepatic vascular resistance to portal blood
flow. Further progression of portal hypertension is a consequence of complex processes including
angiogenesis, vascular remodeling, and endothelial dysfunction, which contribute to splanchnic congestion,
systemic vasodilation, and portosystemic shunt formation. The subsequent hyperdynamic circulatory state
worsens the course of the disease [7].

Intrahepatic oxidative stress is one of the main factors of sinusoidal endothelial
dysfunction in cirrhosis. Oxidative stress is associated with a decrease in NO
bioavailability and eNOS expression. For example, cyclooxygenase attenuates
Akt-eNOS signalization by activating Rho-kinase and thromboxane A2 that
inhibits Akt phosphorylation in endothelial cells. Asymmetric dimethylarginine,
an endogenous inhibitor of NOS, causes uncoupling of NOS, which leads to a
higher production of reactive nitrogen species such as peroxynitrite. Down-
regulated tetrahydrobiopterin expression increases eNOS inability to generate NO
but to produce O? instead, leading to a further decrease in NO production.
Additionally, a probable reason for the insufficient bioavailability of NO may be a
reduction of superoxide dismutase («an enzyme that saves NO») and an increase
in homocysteine serum level caused by a reduced expression of cystathionine-f -
synthase and cystathionine-y-lyase [10].

Activated hepatic stellate cells (HSC) and its paracrine interaction with SEC
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significantly affect the sinusoidal microcirculation in cirrhosis. In pathological
conditions, structural and functional damage to HSC includes a loss of retinoids
reserve and HSC transformation into myofibroblasts. Activated HSC start
functioning as pericytes. This transformation is confirmed by the expression of
phenotypic markers of pericytes, such as a-smooth muscle actin (a-SMA),
desmin, NG2, glial fibrillary acidic protein, and emergence or increase in the
amount of receptors for growth factors, endothelin and cytokines, as well as a
number of cell adhesion molecules on HSC surface [11].

HSC, located in the subendothelial Disse spaces between the SEC and
hepatocytes, contact with nerve endings by means of the long branching
cytoplasmic processes. The nerve endings contain various neurotransmitters such
as substance P, vasoactive intestinal peptide, somatostatin, cholecystokinin,
neurotensin, NO, calcitonin gene-related peptide, and neuropeptide Y. Some
vasoactive substances are capable of regulating HSC tone. Some substances, such
as endothelin-1, substance P, angiotensin II, prostaglandin F2, norepinephrine,
thromboxane A2, platelet activating factor (PAF), and thrombin trigger HSC
contractility. On the contrary, acetylcholine, prostaglandin E2, NO, vasoactive
intestinal peptide, carbon monoxide, hydrogen sulfide, and adrenomedullin are
known for the ability to cause HSC relaxation [12].

HSC contraction involves myosin II and is mediated by Ca**-dependent and Ca**-
independent pathways. In a Ca*'-dependent pathway, an increase in intracellular
Ca®" concentration ([Ca’']i) and subsequent formation of the Ca**/calmodulin
complex induce activation of myosin light chain kinase that phosphorylates
myosin light chains. In a Ca*-independent pathway, Rho kinase and protein
kinase C inhibit the activity of myosin light chain phosphatase, an enzyme that
dephosphorylates phosphorylated myosin light chains and induces relaxation [13].

Endothelins (ET) are potent endogenous vasoconstrictors that may change HSC
tone. ET have three kinds of isoforms: ET-1, 2, and 3. The isoforms are
synthesized from their precursor “large endothelin” by endothelin-converting
enzymes. ET interact with conjugated protein G receptors type A and B, which
are well expressed on the HSC. Endothelin-1 is the most studied. The main site of
its synthesis in cirrhosis is activated HSC. Stimulation of endothelin A receptors
leads to their proliferation [14]. Angiotensin II has a similar effect. In cirrhosis,
HSC positively affect angiotensin II synthesis, which is due to the increased
expression of angiotensin-converting enzyme [15]. HSC constriction may also be
mediated by decreased NO production and/or bioavailability in cirrhotic liver. In
contrast, Kupffer cells overproduce carbon monoxide, causing the dilation of
sinusoids, and hence decrease hepatic vascular resistance because of paracrine
impact on HSC and SEC [16].



166 Anti-Angiogenesis Drug Discovery and Development, Vol. 4 Garbuzenko et al.

Mobility and migration of HSC are necessary to promote enhanced coverage of
HSC around sinusoids, which is important for sinusoidal remodeling in liver
cirrhosis [17]. Cellular locomotion requires dynamic but regulated actin
remodeling to form membrane structures that promote cell extension. These
membrane structures include lamellipodia, which are membrane protrusions that
form the leading edge toward directed cell migration, and filopodia, which are
thin, actin filament-structured spikes emanating from the plasma membrane.
Small guanosine triphosphatases from the Rho family, including RhoA (Rho),
Racl (Rac), and Cdc42, coordinate the formation of actin-based structures. While
Rac contributes to filopodia formation and migration of HSC, Rho creates the
resistance to the inhibitory action of NO and restores the chemotactic response to
platelet-derived growth factor (PDGF) in the absence of a functional Rac [18].

PDGF is a key factor responsible for proliferation, migration, mobility, and
recruitment of HSC, which is secreted by endothelial cells. PDGF binds to its
receptor (PDGFR-B) on pericytes, which is mediated by an ephrin-B2/EphB4
signaling pathway [19]. Moreover, activated PDGFR-f stimulates Raf-1 kinase,
MEK kinase, and extracellular-signal regulated kinase (ERK), leading to HSC
proliferation. Phosphatidylinositol 3-kinase (PI 3-K) activation is also required for
both PDGF-induced mitogenesis and chemotaxis [20]. In addition, the axonal
guidance molecule neuropilin-1 takes part in the chemotactic response to PDGF
as well [21].

Activated HSC are a rich source of polypeptides, eicosanoids, and various other
molecules with paracrine, juxtacrine, autocrine signalization, or chemoattractant
activity, which include:

- polypeptides that increase cell proliferation in an autocrine and paracrine
manner: vascular endothelial growth factor (VEGF), hepatocyte growth factor
(HGF), transforming growth factor (TGF)-a, endothelin-1, epidermal growth
factor (EGF), insulin-like growth factor (IGF), and acidic fibroblast growth
factor (aFGF);

- members of the TGF-f family;

- neurotrophins; and

- hematopoietic growth factors such as erythropoietin [22].

When the liver is damaged, activated HSC proliferate and migrate to areas of
inflammation and necrosis of hepatocytes, producing high amounts of
extracellular matrix components. TGF-f1, PDGF, connective tissue growth factor
(CTGF), and FGF regulate this process [23].

Three general sources of fibrogenic cells in the liver include:
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- endogenous (resident) fibroblast or myofibroblast-like cells, mainly represented
by HSC, but also by portal fibroblasts, vascular smooth muscle cells, and
pericytes;

- the epithelial-mesenchymal transition that may occur in the liver as well as in
other organs and lead to transdifferentiation of parenchymal cells; and

- recruitment of fibrocytes from the bone marrow [24].

Intrahepatic Angiogenesis in Cirrhosis

In 1983, Rappaport et al [25] were among the first to report the collateral
microcirculation in the cirrhotic liver. Nowadays, pathological angiogenesis is
well studied in experimental liver fibrosis [26] and in patients with chronic viral
and autoimmune liver diseases and nonalcoholic steatohepatitis [27, 28].

Angiogenesis is a complicated physiological process through which new blood
vessels form from pre-existing vessels. It includes endothelial cell activation,
protease expression, extracellular matrix destruction, proliferation, migration, and
the formation of highly permeable primary vascular structures by endothelial
cells. These structures become stabilized and “mature” because of pericyte and
smooth muscle cell involvement and transform into a three-dimensional vascular
network [29].

Molecular Insights into the Angiogenic Process

The primary inducer of angiogenesis in physiological and pathological conditions
is hypoxia. Cells respond to hypoxic stress through multiple mechanisms,
including the stabilization of hypoxia-inducible factors (HIF), which directly
regulate the expression of angiogenic growth factors. The family of HIF includes
three a-subunits, which are associated with a common B-subunit (HIF-1p). HIF-
la appears to be ubiquitously expressed, whereas HIF-2a is detected in a more
restricted set of cell types, including vascular endothelial cells, hepatocytes, type
IT pneumocytes, and macrophages. A third mammalian HIF-a subunit, HIF-3a,
has also been described, although its role in hypoxic responses is less well
understood [30].

NADPH oxidase is an important mediator of angiogenic signaling pathways. It
was noted that the increased NADPH oxidase expression increases the reactive
oxygen species (ROS) levels because of NADPH oxidase subunit p47phox
phosphorylation, contributing to HIF-1la induction, VEGF-receptor (VEGFR)
activation, and EGF-receptor transactivation [31].

Recently, an important role of miRNA has been shown in the regulation of
cellular response to hypoxia. In particular, Let-7 and miR-103/107 favor the
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VEGF induction by targeting argonaute 1 protein [32].

The most studied angiogenic growth factors are VEGF family consisting of five
homologs: VEGF-A, -B, -C, -D, and placental growth factor (PIGF). VEGF
stimulate both physiological and pathological angiogenesis. All members of this
family are connected to different homologous receptors: VEGFR-1 (Flt-1),
VEGFR-2 (KDR/FIk-1), VEGFR-3 (Flt-4), of which only the first and second are
responsible for angiogenic signal transmitting. Besides that, the binding of
VEGF-A to VEGFR-2 and increasing vascular permeability through NO are the
mechanisms that start angiogenesis and vasculogenesis.

PIGF, a homolog of VEGF binding VEGFR-1, enhances angiogenesis only in
pathological conditions. PIGF directly and indirectly affects multiple cell types,
including endothelial cells. Also, PIGF possibly breaks the binding of VEGF with
VEGFR-1, making the binding of VEGF with VEGFR-2 more probable. Mass
spectrometry studies showed that PIGF and VEGF each induce the
phosphorylation of distinct tyrosine residues in VEGFR-1, further indicating that
PIGF and VEGF transmit distinct angiogenic signals through VEGFR-1.

Different mechanisms are the basis of synergism between PIGF and VEGF. By
activating VEGFR-1, PIGF induces an intermolecular cross talk between
VEGFR-1 and VEGFR-2, which thereby is more responsive to VEGF. PIGF, as a
subunit of PIGF/VEGF heterodimer, induces the formation of VEGFR-1/2
heterodimers, which transphosphorylate each other in an intramolecular reaction.
By producing PIGF, endothelial cells are able to improve their own
responsiveness to VEGF but adjacent stromal or inflammatory cells may also
release PIGF.

PIGF directly affects smooth muscle cells and fibroblasts, which express VEGFR-
1, but may also indirectly influence its proliferation and migration through
cytokine release from activated endothelial cells. In this way, PIGF recruits
smooth muscle cells around nascent vessels, thereby stabilizing them into mature,
durable, and non-leaky vessels.

PIGF also mobilizes VEGFR-1 positive hematopoietic progenitor cells from the
bone marrow and recruits (indirectly, via upregulation of VEGF expression)
VEGFR-2-positive endothelial progenitor cells to the ischemic tissue. PIGF is also
chemoattractive for monocytes and macrophages, which express VEGFR-1 [33].

FGF family members are also able to induce angiogenesis. Cellular response to
FGF occurs through specific binding with FGF-receptors (FGFR), which have
internal tyrosine kinase activity. FGFR dimerization is a prerequisite for
phosphorylation and activation of signaling molecules with the participation of
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heparin-binding proteins. This causes migration, proliferation, cell differentiation,
and destruction of extracellular matrix. It should be noted that while VEGF family
members are involved mainly in the formation of the capillaries, FGF is primarily
involved in arteriogenesis [34].

Although the angiogenic effect of PDGF is not as expressed as that of VEGF,
PIGF, and FGF, studies in vivo have shown that it may induce the formation of
blood vessels and regulate their tone [35].

Tie-2 (Tek), an endothelial-specific receptor tyrosine kinase, and its ligands, the
angiopoietins, have been identified as critical mediators of vascular development.
Angiopoetin-1 induces migration, inhibits apoptosis, and stimulates the formation
of endothelial cells, promoting stabilization of vessels. At the same time, NADPH
oxidase is involved in the ang-1-mediated activation of Akt and mitogen-activated
protein kinase (p42/p44 MAPK or ERK2 and ERKI1) and the subsequent
modulation of endothelial cell migration and angiogenesis [36]. In contrast,
angiopoietin-2 causes vascular destabilization by shifting endothelial cells from
stable to proliferative phenotype. However, it may also stimulate angiogenesis in
the presence of VEGF [37].

Integrins aVB3 and aVP5 are adhesion receptors stimulating angiogenesis by
mediating endothelial cell migration, proliferation, and the formation of new
blood vessels [38].

Endothelial-specific adhesion molecule vascular endothelial VE-cadherin
contributes to cell-cell junctions during neovascularization and controls the
passage of molecules through the endothelial lining [39].

Thrombospondin-1, one of the five known thrombospondins, is an adhesive
protein that controls the interaction of cells with each other and with the
extracellular matrix. The increased expression of thrombospondin-1 strongly
correlates with the severity of fibrosis and angiogenesis during the progression of
cirrhosis. However, the precise role of thrombospondin-1 in this process is not
determined. It may serve as a promoter or inhibitor of angiogenesis, which may
depend on its concentration, the type of domain being activated, and the type of
receptors on endothelial cells [40].

Angiostatin, a fragment of plasminogen, and endostatin, a fragment of the C-
terminal part of the collagen XVIII al-chain, inhibit the migration of human
endothelial cells stimulated with FGF and VEGF and do not have an impact on
intracellular signaling pathways stimulated by FGF and VEGF [41].

Toll-like receptor 4 (TLR4), which recognizes bacterial lipopolysaccharide, is
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expressed by SEC involved in fibrosis-associated angiogenesis in cirrhotic liver. It
acts through the cytosolic adapter protein MyD88 involved in the production of
extracellular protease regulating the invasive ability of SEC [42].

Hepatic apelin system (apelin/APJ-receptor) is a connecting link between chronic
inflammation and subsequent fibrogenic and angiogenic processes in cirrhosis. On
the one hand, hypoxia and inflammation initiate the expression of APJ. On the
other hand, the profibrogenic activation of APJ mediates the induction of
profibrogenic genes, HSC proliferation, and secretion of pro-angiogenic factors
[43].

Aquaporin-1 is an integral membrane channel protein, overexpressed in cirrhosis,
that promotes angiogenesis by enhancing endothelial invasion [44].

It is known that chemokines from CXC family are involved in angiogenesis.
ELR-positive chemokines stimulate this process, and ELR-negative suppress it
[45].

Neuropilin-1 and neuropilin-2 are transmembrane glycoproteins with large
extracellular domains that interact with both class 3 semaphorins, VEGF, and the
classical receptors for VEGF, VEGF-R1, and -R2, mediating signal transduction.
Neuropilin-1 is mainly expressed by arterial endothelium, whereas neuropilin-2 is
only expressed by venous and lymphatic endothelium. Both neuropilins are
commonly over-expressed in the regions of physiological and pathological
angiogenesis, but the definitive role of neuropilins in angiogenic processes is not
fully studied [46].

Mechanisms of Intrahepatic Angiogenesis in Cirrhosis

Hepatic angiogenesis may substantially differ from homologous processes in
other organs or tissues on the basis of: (a) the rather unique phenotypic profile and
functional role of activated HSC and of other liver myofibroblasts; (b) the
presence of two different microvascular structures described (i.e., sinusoids lined
by fenestrated endothelium versus large vessels lined by a continuous one); and
(c) the existence of ANGPTL3, a liver-specific angiogenic factor.

There are two main ways of angiogenesis in cirrhosis [47] (Fig. 2).

One of them is associated with the increased expression of pro-angiogenic growth
factors, cytokines, and matrix metalloproteinases on the background of chronic
inflammation. Proinflammatory mediators produced by Kupffer cells, mast cells,
and leukocytes may cause angiogenic response because of the induction and
increased transcriptional activity of HIF-la [48].
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Fig. (2). Two main pathways of intrahepatic angiogenesis in liver cirrhosis [6].

It is believed that macrophages, when in the normal state, are not directly
involved in angiogenesis. In contrast, activated Kupffer cells contribute to the
formation of new blood vessels through the production of cytokines, ROS, and
PAF in cirrhosis [49]. Kupffer cells also release tumor necrosis factor-a (TNF-a),
which promotes the migration of cells and coordinates apoptosis and angiogenesis
[50]. The increase of ROS in the liver induces angiogenesis via the enhanced
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expression of TNF-a, NO, HIF-1, and VEGF [51]. PAF promote the development
of VEGF by activating nuclear transcription factor kappa-light-chain-enhancer of
activated B cells (NF-kB) [52]. Mast cells take part in angiogenesis by producing
heparin, histamine, tryptase, cytokines (TGF-B1, TNF-a, interleukins), and
VEGEF. They are also able to increase the number of SEC in vitro [53]. Soluble
mediators, in particular, pro-inflammatory cytokines, growth factors, proteases,
and products of oxidative stress regulate the increased expression of chemokines
in chronic inflammation of the liver. Due to this process, leukocytes can penetrate
into the liver tissue, where they produce angiogenic factors, such as VEGF, PIGF,
PDGF, FGF, TGF-B1, EGF, ang-2, and different interleukins [54].

On the one hand, hypoxia, that is caused by HIF-1a stimulation, activates HSC
and leads to the production of various angiogenic and fibrogenic factors (PIGF,
VEGF, NO, HGF, PDGF) [55], promoting angiogenesis and progression of
hepatic fibrosis [56]. On the other hand, diffuse fibrosis, regenerative nodules
formation, and sinusoidal capillarization cause an increase in hepatic vascular
resistance and impair the oxygen supply to the liver cells [57]. Accumulation of
HIF, in particular, HIF-1a, increases the VEGF, angiopoietin-1, and their
receptors expression on activated HSC. This leads to the involvement and
stimulation of SEC, stabilizing the newly formed vessels and providing them with
strength [5]. In turn, SEC generate PDGF and TGF-f, attracting HSC. This
process includes ROS-mediated activation of ERK and c-Jun-NH2-terminal
kinase (JNK) followed by a delayed- and HIF-1a-dependent up-regulation and
release of VEGF [58].

Respectively, there are two different phases of an angiogenic process occurring in
cirrhosis. Initially, the formation of blood vessels occurs in developing incomplete
septa, in which concomitant expression of VEGF, Flk-1, and Tie-2 is restricted by
HSC. In a later phase, angiogenesis occurs in large bridging septa, and the
expression of this proangiogenic panel is limited to endothelial cells and aims to
stabilize the newly formed blood vessels [59]. Some of them are located mainly
around and inside of the fibrous septa and probably needed for compensation of
the insufficient intrahepatic blood flow. Others form intrahepatic shunts bypassing
sinusoids and draining blood from the portal to the central venules. Although they
decompress the portal system, this may lead to liver dysfunction because of
declining oxygen delivery and nutrients to the liver tissues and limiting the free
exchange between hepatocytes and sinusoids [60].

During last years it has been found that endothelial progenitor cells produced by
stem cells of the bone marrow are capable of causing in situ neovascularization in
both physiological and pathological conditions (postnatal vasculogenesis). In
particular, they may stimulate angiogenesis in patients with cirrhosis by activating
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SEC through the secretion of paracrine factors, such as PDGF and VEGF [61].
However, their angiogenic ability is significantly reduced in patients of this
category, and especially in those with severe hepatic dysfunction. This may be
due to chronic inflammation stimulating the release of angiogenic factors by
resident HSC and SEC and inhibiting the endothelial progenitor cells mobilization
into the bloodstream [62].

Thus, in addition to structural changes associated with diffuse fibrosis and
regenerative nodule formation in cirrhosis, there are endothelial dysfunction,
impaired paracrine interaction between activated HSC and SEC, and sinusoidal
remodeling and capillarization, which play an important role in increasing the
hepatic vascular resistance to portal blood flow. The development of intrahepatic
angiogenesis may be considered as a compensatory mechanism aimed at portal
system decompression. However, the newly formed vessels bypass sinusoids.
Therefore, they are unable to provide oxygen and nutrients to the liver tissue,
which worsens its morphofunctional state and leads to an increase in portal
pressure.

ADAPTATION OF THE VASCULAR BED TO HEMODYNAMIC
DISTURBANCES IN PORTAL HYPERTENSION

At the early stages of portal hypertension, a moderate increase in portal pressure
leads to blood flow redistribution towards the muscle layer of the small intestine.
The appearance of mucosal hypoxia causes a significant increase in NAD(P)H
oxidase activity, the main source of reactive oxygen species (ROS) in the mucous
membrane, and also leads to the increased production of VEGF and NO by
arterioles, contributing to splanchnic vasodilation [63]. In addition, multiple
signaling pathways are stimulated, such as mitogen-activated protein kinases,
tyrosine kinases, and transcription factors that are involved in VEGF-induced
neovascularization [64]. It was shown that overexpression of Kruppel-like factor 2
in duodenal tissue, with the assistance of microRNA, causes hemodynamic
stimuli integration and VEGF-driven angiogenesis in patients with cirrhosis [65].
Besides the small intestinal wall [66], the elevated levels of VEGF, VEGFR-2,
and CD31 (PECAM-1) are observed in the mesentery [47].

After PH induction, vascular stem/progenitor cells (VSPC) of the mesentery
become activated and produce daughter cells (i.e., proliferative progenitors or
transit-amplifying cells), which divide and differentiate into endothelial cells or
smooth muscle cells lineages and readily incorporate into newly formed
mesenteric blood vessels, making a physical and functional contribution to
neovascularization in vivo in PH. The differentiation potential of VSPC may be
regulated by various factors including VEGF, PDGF, and their receptors, which
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are increased within the precise tissue microenvironment of neovascularisation
sites during PH, creating a suitable setting to promote VSPC differentiation
towards either endothelial cells or smooth muscle cells [67].

Mechanism of the Formation of Portal-Systemic Collaterals

These pathophysiological disturbances may be an initial step in the development
of portosystemic collateral circulation in portal hypertension [68]. Monocytes
adhere to the surface of activated endothelial cells and produce growth factors and
proteases, such as urokinase plasminogen activator and MMP, promoting the
division and migration of smooth muscle cells. Proinflammatory cytokines
(macrophage chemotactic protein-1, granulocyte-macrophage colony-stimulating
factor, transforming growth factor B1 (TGF-B1), TNF-alpha) also promote the
growth of blood vessels. PIGF stimulates the growth of endothelial and smooth
muscle cells. FGF upregulates PDGF and VEGF-receptor expression via Ang-1.
At the same time, anti-inflammatory cytokines (e.g., interleukin-10) inhibit this
process [33].

It was shown in animal models of prehepatic portal hypertension induced by
partial portal vein ligation, that the blockade of VEGFR-2 with anti-VEGFR-2
monoclonal antibodys for 5-7 days and inhibition of VEGF/VEGFR-2
signalization using autophosphorylation inhibitor VEGFR-2 for 5 days after the
operation resulted in a 50% reduction of portosystemic collateral vessel formation
[69, 70]. Blockade of NAD(P)H also contributed to this owing to the reduced
splanchnic expression of VEGF, VEGFR-2, and CD31 [71]. In addition, fourfold
sequential intravenous administration of siRNA KDR-lipoplexes reduced the
portosystemic collateralization by 73%, violated the angiogenic potential of
endothelial cells and reduced pathological neovascularization in the mesenteric
vascular bed [72].

It should be noted that the emerging shunts are very dynamic vascular structures
because of the expression of various receptor types on the surface of the
endothelial lining, for example, a and B-adrenoreceptors and 5-HT2 receptors.
Furthermore, vasoactive substances such as NO, ET-1, and prostaglandins may
affect vessel tonus [73]. In particular, the excessive shunting of blood through
portosystemic collaterals at the time of postprandial splanchnic hyperemia
promotes their dilation due to shear stress activating the overproduction of NO by
endothelial cells [74].

Although natural portosystemic anastomoses are found in all patients with portal
hypertension, they acquire the highest clinical significance in the development of
gastroesophageal varices, because their rupture leads to life-threatening bleeding.
The determining factor of their formation is the hepatofugal blood flow, and a
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gastroesophageal drainage path is the most important in this situation. The left
gastric vein plays the main role in this path. It drains blood from both surfaces of
the stomach, ascends from right to left along the lesser curvature into the lesser
omentum, to the esophageal opening of the diaphragm, where it receives
esophageal veins. It then turns backward and passes from left to right behind the
omental bursa and drains into the portal vein. Anastomoses between the left and
right gastric veins and the left and short gastric veins, respectively indicated by
the terms “coronary vein” and “posterior gastric vein”, have clinical significance
only in portal hypertension, because they are involved in the formation of
esophageal and paraesophageal varices [75].

Immunohistochemical studies, which were conducted in patients with portal
hypertension, revealed the existence of the pronounced expression of PDGF, basic
fibroblast growth factors (FGF-2), EGF, and transforming growth factor-a (TGF-
a) in the wall of the coronary vein of the stomach. This fact shows that the
increase in pressure in this vein activates smooth muscle cells and induces the
release of growth factors that stimulate their proliferation, differentiation, and
migration, as well as contribute to the disruption of the metabolism of collagen
and elastin fibers. Phenotypic changes of smooth muscle cells are a response to
chronic mechanical stimuli. They lead to venous wall thickening and elasticity
reduction [76].

Vascular Structure of the Lower Esophagus in Clinical Portal Hypertension

The venous system of the distal portion of the esophagus includes intraepithelial,
subepithelial superficial, deep submucosal, and adventitial veins. The largest
varices are generally localized 2-3 cm above and 2 cm below the cardia, mainly in
the lamina propria of the mucous membrane. They have two types of vascular
structure: palisading type and bar type. The palisading type has dilated
intraepithelial channels and numerous small superficial collateral veins. The bar
type has triply dilated subepithelial superficial veins and deep submucosal veins
which erode the epithelium [77].

Structural changes in the veins of the distal portion of the esophagus in portal
hypertension are characterized by thickening of the medial layer because of
hyperplasia of elastic and collagen fibers. Elastic fibers become fragmented and
sharply tortuous directly in the varicose veins of the esophagus in the background
of increasing sclerosis of the vascular wall [78].

Four distinct intramural vascular zones of the gastroesophageal junction were
defined as follows: gastric zone, palisade zone, perforating zone, and truncal zone.
Portacaval shunts in this area are formed because of increased pressure in the
portal venous system [79].
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Gastric Zone

The longitudinal veins of the gastric area are located in the submucosa and the
lamina propria of the proximal portion of the stomach. They are more abundant
near the esophagus, have a small diameter, and form a group of several
longitudinal vessels. The veins merge in the submucosa of the distal part of the
gastric zone and form large tortuous trunks draining blood into the portal vein
system.

Palisade Zone

The palisade zone is an extension of the gastric zone. It begins in the projection of
the gastroesophageal junction and ends 2-3 cm above it. Veins in that zone are
located randomly, close to each other, and are arranged longitudinally and in
parallel as a palisade.

Numerous anastomoses are identified between vessels of both gastric and palisade
zones. They are localized in the submucosa of the gastroesophageal junction,
penetrate the muscularis mucosa, and pass into the lamina propria mainly in a
longitudinal direction.

The veins of a proximal portion of the palisade zone simultaneously converge at
one point and, perforating the muscularis mucosa, pass into the submucosa again
as four or five big trunks. There are arched transverse anastomoses between them.
Veins perforating the muscular layer of the esophagus were not detected in this
zone.

Perforating Zone

Veins of the perforating zone, which is located 3-5 cm above the gastroesophageal
junction, are not so homogeneous and constant. Vessels form five polygonal
networks in the lamina propria of the esophageal mucosa (as a continuation of the
veins of the palisade zone) and perforate the muscular layer, communicating with
adventitial veins located on the outer esophageal surface. They were referred to as
«treble clef» veins because of their similarity with music symbols.

The perforating zone is the “critical area” for variceal rupture in portal
hypertension. This is due to increased resistance to blood flow in this anatomical
area, as well as increased fragility and superficial location of perforating veins
[80].

Truncal Zone

The truncal zone is a region from 8§ to 10 cm in length with the bottom edge 5 cm
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above the gastroesophageal junction. Large longitudinal venous trunks,
discovered here in the lamina propria, constitute a continuation of the polygon
vascular networks of the perforating zone. They have a small diameter in the
proximal portion. Between them, there are several transversely oriented
anastomoses. Perforating veins, locating randomly along the zone, pass from the
submucosa of the esophagus to its outer surface and communicate with adventitial
veins.

In physiological terms, palisade zone is the most important part of the vascular
structure of the gastroesophageal junction. Veins are located there mainly in the
lamina propria. Their superficial location decreases venous blood flow resistance
to a minimum, which would otherwise arise in the high-pressure zone in the area
of the lower esophageal sphincter.

Small longitudinal vessels in the palisade zone are perfectly adapted to the
physiological pressure variations that lead to a bi-directional flow during
breathing. When the venous outflow is caudal, the gastric zone collects and drains
the blood into the portal vein system.

Deep submucosal veins are enlarged because of the blood outflow in the cranial
direction in portal hypertension. They drain the blood into the enlarged adventitial
veins (periesophageal collateral veins) through the numerous veins perforating the
esophageal smooth muscle layer in the perforating zone. Adventitial veins, in
turn, communicate with paraesophageal collateral veins, which are located in the
posterior mediastinum. The blood flows from them usually into the azygos vein
[81], which structural changes in response to increased blood flow are
characterized by focal destruction, hyperplasia, and chaotic arrangement of elastic
fibers [78].

The Systemic and Splanchnic Adaptive Response of Vascular Bed to
Hemodynamic Disturbances in Portal Hypertension

The development of portosystemic collateral circulation is a compensatory
mechanism aimed at decreasing portal pressure. However, this does not happen.
Conversely, there is a hyperdynamic circulatory state accompanied by increased
cardiac output, decreased peripheral vascular resistance, and the opening of
arteriovenous communications, which exacerbate portal hypertension. The cause
of these disorders may be the flow of vasodilator substances (e.g., glucagon,
endocannabinoid, atrial natriuretic peptide, bacterial endotoxin) through the
network of portosystemic shunts, as well as the increased production of topical
vasodilators by endothelium, such as NO, carbon monoxide, PGI2, endothelium-
derived hyperpolarizing factor, adrenomedullin, and hydrogen sulfide.
Furthermore, in spite of increased circulating levels of endogenous
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vasoconstrictors (noradrenaline, ET-1, angiotensin II), vascular sensitivity to them
is significantly reduced [82].

Abdominal Aorta

In the conditions of the hyperdynamic circulation, adaptive response of the
abdominal aorta to shear stress induced by the blood flow may be associated with
oxidative stress. The production of ROS, such as superoxide and hydrogen
peroxide, which are cell toxic metabolic products, leads to non-specific damage of
nucleic acids, proteins, lipids, and other cellular components. ROS regulate
vascular tone, endothelial cells sensitivity to oxygen, their growth, proliferation,
and apoptosis. Furthermore, they promote the expression of inducible genes via
transcription factors, such as NF-kB. These genes contribute to the synthesis of
proinflammatory cytokines, chemokines, chemokine receptors, and adhesion
molecules, inducing an inflammatory response. Potential sources of ROS are
various enzyme systems: NAD(P)H oxidase, xanthine oxidase, enzymes of
arachidonic acid metabolism (cyclooxygenase and lipoxygenase), and the
mitochondrial respiratory chain [83].

Increased levels of TNF-a, IL-1pB, and IL-6 in the aorta, as a result of oxidative
stress, play an important role in the induction of immune-mediated systemic
vascular process in portal hypertension. The subsequent increase in expression of
connective tissue growth factor (CTGF) may enhance the synthesis of
extracellular matrix proteins, particularly, collagen I type, whereas the decrease of
the level of MMP-2 / TIMP-2 complex (tissue inhibitor of metalloproteinase-2)
contributes to reducing the degradation of extracellular matrix proteins. These
processes lead to significant histological changes in the aorta. Its wall thickness
decreases, as well as the ratio of medial layer thickness to lumen diameter. Elastic
fibers lose their ordered arrangement, and well-marked collagen fibers become
more narrow and separated because of the increase in the extracellular matrix in
the media interstitium with a significant decrease in the number of smooth muscle
cells [84, 85].

The left gastric artery is the first branch of the celiac artery. It is assumed that the
hemodynamics in the left gastric artery in portal hypertension may act as the

initiator of variceal formation, showing close linkage with variceal recurrence
[86].

Mesenteric Resistance Arteries

Similar infringements also occur in mesenteric resistance arteries. The mechanical
stimuli, generated by shear stress, activate endothelial cells and induce
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hyperproduction of NO and prostaglandins, causing vasodilation [87]. The
significantly reduced isometric stiffness of blood vessels and their increased
elongation may cause structural changes in the internal elastic membrane and
increase fenestrations in it [88]. This contributes to excessive NO-mediated
vascular permeability and angiogenic processes in the mesentery of the small
intestine because of the high VEGF and eNOS expression in microvessels located
there [89].

Portal Vein and Hepatic Artery

Splanchnic congestion leads to increased portal inflow. At the same time, portal
blood flow decreases as a result of the development of collateral circulation [90].
The portal vein becomes dilated, and shear stress simultaneously decreases [91].
Intima and media of the portal vein are thickened due to the high amount of
collagen fibers, hypertrophy, and hyperplasia of smooth muscle cells, which
significantly reduce the vascular wall elasticity [92]. In vitro studies have revealed
that transmembrane protein 16A can be associated with the proliferation of portal
vein smooth muscle cells and portal vein remodeling in PH. Upregulation of
transmembrane protein 16A promotes the proliferation of portal vein smooth
muscle cells, whereas inhibition reduces it [93].

In this situation, so-called hepatic arterial buffer response maintains hepatic
perfusion constancy. This phenomenon, first described by Lautt in 1981 [94], was
identified in physiological and in various pathological conditions, including
cirrhosis. It maintains oxygen delivery to the liver, protecting its structure and
function [95]. However, increased blood flow through the hepatic artery causes its
remodeling and decreases its elasticity with time [96].

Splenic Artery and Vein

Significant histopathological changes also occur in the blood vessels of the
spleen. Damaged splenic artery intima becomes thicker, and smooth muscle cells
grow into it. The internal elastic lamina is stratified, that is accompanied by the
destruction of both included in its structure and localized in media elastic fibers.
Smooth muscle cells, randomly located in the media, have a different size and
morphology, and the content of separating them collagen fibers, as well as the
extracellular matrix, increases significantly, causing the “collagenization” of the
vascular wall, thickening, and rigidity [97]. The splenic vein expanding and its
intima and media thickening is due to high content of collagen fibers,
hypertrophy, and hyperplasia of smooth muscle cells [98]. These pathologic
changes in the blood vessels of the spleen lead to a significant reduction of their
elasticity.
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Thus, in addition to pathophysiological disorders related to endothelial
dysfunction in cirrhosis, there is the restructuring of the splanchnic and systemic
vasculature, which includes vascular remodeling and angiogenesis. In spite of the
fact that these changes are the compensatory-adaptive response to the
deteriorating conditions of blood circulation, taken together, they contribute to the
development and progression of portal hypertension and cause severe
complications, one of which is bleeding from esophageal varices.

MODERN METHODS FOR STUDYING PORTAL HYPERTENSION-
ASSOCIATED ANGIOGENESIS IN EXPERIMENTAL RESEARCH

Various experimental models and methods, both in vitro and in vivo, of qualitative
and quantitative evaluation are used to study angiogenesis [99].

Intrahepatic Angiogenesis Assays

Appearing simultaneously with fibrosis, intrahepatic angiogenesis causes
abnormal angioarchitecture formation characteristic of cirrhosis, which is the
endpoint of the disease. Therefore, evaluation of intrahepatic angiogenesis is
necessary to assess disease progression and search for therapeutic targets
(Table 1).

Scanning Electron Microscopy

Scanning electron microscopy is the traditional method for studying the three-
dimensional (3D) structure of microcirculation. It is visualized by an electron
beam after intravascular injection of colored gelatin, latex, or plastic casting
material followed by tissue clearing or corrosion. Unlike tissue sections, this
approach makes it possible to not only quantify vessel dimensions, intervascular
distances, branching order, and luminal surface features, but also to
mathematically calculate the wall shear stress [100].

Table 1. Intrahepatic angiogenesis assays.

Assay Advantages Disadvantages

Scanning electron microscopy | Quantification of vessel dimensions, |Perfusion difficulties of casting
intervascular distances, branching materials, especially for
order and luminal surface features, as | microvascular perfusion. Biloma
well as the wall shear stress. formation after bile duct ligation

causes holes in the cast.
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Table 1) cont.....

Assay Advantages Disadvantages
Intravital fluorescence Evaluation of microcirculatory Visualization of only superficial
microscopy structural changes in vivo. structures; not capable of
HSC visualization. estimating the diameter of portal
Possibility to estimate the number of |venules.
rolling and adherent leukocytes, Hard to perform if intraperitoneal
relative vascular density, the injections of CCl, or bile duct

diameter and perfusion of sinusoids, |ligation are used.
and flow and volume velocity of

blood.

Three-dimensional May be re repeatedly conducted, Resolution is relatively low,

microcomputed tomography in  |thereby allowing gradual monitoring. |therefore it is not possible to

Vivo 3D images of vasculature. evaluate microcirculation.
Perfusion difficulties of casting
materials.

Three-dimensional Higher resolution, if compared to in | Perfusion difficulties of casting

microcomputed tomography ex | vivo microCT. materials.

Vivo Analysis of the microcirculation, as

well as large vessels.
3D images of vasculature.

Immunohistochemical methods |Evaluation of newly formed vessels | Analysis of microcirculation only.
without a lumen.
Evaluation of proangiogenic factors

expression.
Confocal laser scanning 3D images of vasculature. Tissue shrinkage and deformation
microscopy after High resolution. hampers confocal microscopy.
immunohistochemical staining | Provides volumetric data on Limited diffusion of (primary)
microcirculation. antibody penetration.

Using scanning electron microscopy in rats with cirrhosis caused by subcutaneous
injections of carbon tetrachloride (CCl,) (0.3 mL 50% CClI, diluted with oil per
100 g of body weight twice a week for 3 months), it was determined that the
number of sinusoidal endothelial fenestrae decreased and the sinusoids within the
regenerative nodules surrounded by fibrous septa were narrow [14]. In mice with
biliary cirrhosis, this technique allowed for the identification of numerous blindly
terminating and chaotically located sinusoids, as well as large portosystemic
collaterals bypassing them and shunting blood towards the hepatic veins. The
disadvantage of bile duct ligation is biloma formation, causing irregular saccular
deformation of sinusoids, which presents as holes in the cast. Moreover,
limitations of the casting technique include perfusion difficulties, especially for
microvascular perfusion, and bloating of the sinusoids due to the injection
pressure. This makes it difficult to perform a more thorough morphometric
analysis of the hepatic microvasculature [101].
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Intravital Fluorescence Microscopy

Intravital fluorescence microscopy is necessary for the intravital evaluation of
structural changes at the microcirculatory level in experimental cirrhosis. For this
purpose, different models of cirrhosis may be used, such as bile duct ligation and
subcutaneous or intraperitoneal administration of CCl,. Although subcutaneous
CCl, administration can induce necrosis at the site of injection and should be
carried out for 16 weeks, this route of administration is preferable for intravital
fluorescence microscopy. In contrast to intraperitoneal injections or bile duct
ligation, subcutaneous CCl, administration does not cause adhesions between the
liver and the neighboring organs that can later limit the possibility of carrying out
in vivo studies in the abdominal cavity [102].

After performing midline and subcostal incisions, the hepatic ligaments are
dissected, and the left liver lobe is placed on a fixed plate to minimize respiratory
movements. A fluorescent dye was injected into the jugular or tail vein, and,
while tissue contrast is increased, liver microcirculation was analyzed with a
fluorescent microscope.

Intravital fluorescence microscopy makes it possible to visualize HSC due to
autofluorescence of vitamin A; estimate the number of rolling and adherent
leukocytes; and measure relative vascular density, the diameter and perfusion of
sinusoids, and flow and volume velocity of blood [103].

The maximal number and diameters of portosystemic shunts were observed 3
weeks after bile duct ligation and 12 weeks after the first administration of CCl,
(0.1 mL 50% oil solution per 100 g of body weight subcutaneously twice a week
for 4 months; 5% alcohol was added to drinking water). Fibrosis and the activated
HSC were located in periportal areas in biliary cirrhosis and in pericentral areas in
CCl,-induced cirrhosis. The sinusoids in these regions became narrow, whereas
the distance between them increased.

The major drawback of intravital fluorescence microscopy is that it can only
visualize superficial structures; therefore, it does not give an opportunity to
estimate the diameter of portal venules. This may be due to the displacement of
portal tracts deeper into the tissue as a result of pericentral fibrosis.

Three-Dimensional Microcomputed Tomography

Microcomputed tomography (microCT) provides high-resolution 3D images that
are composed of two-dimensional (2D) trans-axial projections, or 'slices', of a
target object. For live animal imaging, the slices are obtained by rotating the
emitter and detector. To evaluate microcirculation, ex vivo microCT requires
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vascular casting with contrast agents, such as microfil MV-122 and
BaSO4/gelatin, whereas in vivo microCT can be performed with iodinated
monomer-based bolus or lipid emulsion-based blood-pool contrast agents [104].

Intravital microCT is performed with a dual-energy flat-panel microCT scanner
before and immediately after intravenous injection of 100 pl of specially
optimised iodine-based contrast agent eXIA™160XL (Binitio Biomedical Inc.,
Ottawa, Canada). A Feldkamp-type algorithm is used to reconstruct 2D images
into 3D with a voxel size of 35x35x35 pum. The relative blood volume value
determination is based on the mean brightness of the liver tissue after a contrast
agent injection. The value correlates with the number of angiogenic vessels. In
this way, a statistically significant increase in the relative blood volume was
observed in the murine cirrhotic liver 6 weeks after the first intraperitoneal
administration of CCl, (0.06 mL 50% oil solution per 100 g of body weight twice
a week for 6 weeks) and 2 weeks after bile duct ligation. The advantage of the
technique is that it can be conducted repeatedly, thereby allowing gradual
monitoring of the process.

The merit of ex vivo microCT is the higher resolution image obtained [105, 106].
It was used in different models of cirrhosis in mice and rats. In its classical
version, the inferior vena cava is crossed above the diaphragm, and the radiopaque
lead oxide diluted in a liquid silicone polymer (microfil) is injected into the portal
vein at the rate of 8-10 mL/min and at a pressure of 10-12 mmHg; or
alternatively, injection into the heart at a pressure not higher than that of the
artery, this is carried out using an automatic pump. The specimens are kept at 4°C
for 12 hours. Subsequently, the liver is taken, cut into lobes, fixed in formalin, and
then dehydrated in increasing concentrations of a glycerol aqueous solution at 24-
hour intervals. Using a microCT scanner and the special computer processing
algorithm, 3D images of the intrahepatic microvasculature are obtained and then
analyzed using software [107].

MicroCT ex vivo makes it possible to estimate the ratio of vascular volume to
total liver volume and enables precise analysis of the branching of medium and
large hepatic vessels. They are detected in the liver, particularly at the periphery, 6
weeks after the first intraperitoneal injection of CCl, (0.06 mL 50% oil solution
per 100 g of body weight twice a week for 6 weeks) and 21 days after bile duct
ligation. By Week 4 of biliary cirrhosis development, the vascular volume
increased one and a half times and the number of branches doubled [108], which
reflected the severity of angiogenesis [109].

The limitations of the technique include perfusion difficulties, especially for
microcirculatory perfusion, and the reactivity of casting resins with other
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chemical compounds and surrounding tissue. Moreover, dual casting, which is
necessary for contrast-based differentiation between venous and arterial systems,
is not possible. This is due to the presence of shunts between the hepatic arterioles
and portal venules, functioning as a one-way valve that allows blood to flow only
from the arterial to venous system [110].

To overcome this shortcoming, Peeters ef al [111] sequentially injected yellow or
blue contrast agents, PU4ii, into the abdominal aorta or portal vein, respectively,
after clamping the thoracic aorta and renal arteries. In order to prevent damage to
the microvessels by the pumped substance, a polyethylene drainage tube was
installed into the inferior vena cava through the right atrium. The thoracic section
of the inferior vena cava, the abdominal aorta, and the portal vein were clamped to
eliminate leakage of the substance during polymerization. After 72 hours, the
casted liver was macerated using a 25% potassium hydroxide bath for 5 days. The
vascular replica was then flushed with distilled water and laid to dry under a
vented hood for a further 5 days. MicroCT with 3D reconstruction was performed
with a resolution of 1.89 um for microcirculation and 40 um for larger vessels. To
morphologically analyze microcirculation, a sample with the dimensions
350x350x200 um was virtually dissected in between portal triads. The average
radius of the sinusoidal vessels, branch length, tortuosity, and porosity (the total
sinusoidal volume divided by the volume of its envelope) of the vascular network
was assessed with the in-house developed software. Using this technique in
animals with macronodular cirrhosis induced by thioacetamide (first, 0.03%
thioacetamide was added to drinking water, and then the concentration was
adapted every week for 18 weeks to keep body weight within a 250-300 g range),
these authors have identified the compression of the hepatic venules and an
increase in the diameter of the hepatic artery [112].

Immunohistochemical Methods

Intravascular injection of contrast agents only revealed the structure of
functioning vessels. Immunohistochemical staining of tissue sections is used for a
more accurate evaluation of the newly formed vessels, including the nascent
capillaries without a lumen. The most common specific markers are VEGF and
membrane proteins CD31 and CD34 for endothelial cell detection. In particular,
VEGF and angiopoietin-1 expression shows an increase in intrahepatic vascular
density in rats with biliary cirrhosis [109]. Immunofluorescence is a variant of
immunohistochemical staining. It requires the use of secondary antibodies such as
streptavidin conjugated with carbocyanine CY2 [113].

Confocal laser scanning microscopy after immunohistochemical staining makes it
possible to study 3D structures with a resolution of up to 0.2 um. This technique
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is based on improved protocols for the chemical purification of samples allowing
a dye and photons to penetrate deeper into tissue before and after
immunohistochemistry [114, 115]. Subsequent confocal laser scanning provides
detailed volumetric data on microcirculation at a voxel size of 0.63x0.63x1.40
um. The data are processed by a specially developed software (DeLiver). In a
study involving rats with thioacetamide-induced cirrhosis, a decrease in mean
radius and porosity as well as an increase in tortuosity and length of sinusoids
were determined using this technique [112].

Extrahepatic Angiogenesis Assays

The advantages and disadvantages of different extrahepatic assays are listed
below (Table 2).

Intravital Microscopy of the Small Bowel Mesentery

Intravital microscopy enables imaging of structural changes in microvasculature,
vascular permeability, and mesenteric vascular density, that characterizes
splanchnic angiogenesis. After performing a midline laparotomy, a small
intestinal

Table 2. Extrahepatic angiogenesis and portosystemic shunting assays.

Assay Advantages Disadvantages

Intravital microscopy of the
small bowel mesentery

Enables imaging of structural changes of
microvasculature, vascular permeability,
adhesion and rolling of leukocytes, and
mesenteric vascular density.

The need for surgical
intervention, which limits
repeated procedures because
of adhesions formation.
Rapid increase in the number
of leukocyte rolling.

Teflon rings implantation

Corresponds to an in vivo situation with an
intact circulation.

Evaluation of newly formed vessels without
a lumen.

Evaluation of proangiogenic factors
expression.

The need for surgical
intervention.

Immunohistochemical
methods

Evaluation of newly formed vessels without
a lumen.

Evaluation of proangiogenic factors
expression.

Analysis of microcirculation
only.

Scanning electron microscopy

Quantification of vessel dimensions,
intervascular distances, branching order and
luminal surface features, as well as the wall
shear stress.

Perfusion difficulties of
casting materials, especially
for microvascular perfusion.
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Table 2) cont.....

Assay Advantages Disadvantages
Microsphere technique Evaluation of total shunting degree, as well | The need to sacrifice

as spleno-renal shunting. laboratory animals.
3D micro-single-photon Serial measurements of portosystemic Requires the use of
emission computed shunting. radioactive material.
tomography 3D imaging in vivo.

Pre-interventional measurement of
portosystemic shunting that is important for
selection of animals with similar baseline
characteristics in studies evaluating anti-
angiogenic therapy.

loop should be exteriorized, placed on a heated Plexiglas plate, and continuously
superfused with an Earle’s balanced salt solution to prevent dehydration.
Observations are carried out with the Axiotech Vario 100HD microscope (Carl
Zeiss AG, Oberkochen, Germany) equipped with water immersion objectives
(x10 and x40). The obtained image is recorded for the subsequent computer
analysis. This enables study of all the types of mesenteric microvessels and
calculation of their density, which is defined as the ratio of a vessel’s length to the
area it occupies [116].

Epifluorescence microscopy is used to measure vascular permeability. After the
selection of a venular segment with a diameter of 20—40 mm and an unbranched
length of about 150 mm, fluorescent isothiocyanate-bovine serum albumin was
injected intravenously. As the intraluminal grey scale value fell, the perivascular
grey scale value rose when the fluorescent isothiocyanate-bovine serum albumin
molecule leaked through the vascular wall, quantified using black and white
image and taking black for 0 and white for 255. Intravital microscopy revealed an
increased vascular density and gross disturbance of the mesenteric
microcirculation in rats with PH induced by partial portal vein ligation (PPVL)
and in rats with biliary cirrhosis. Moreover, the changes in the latter were more
significant, which may be due to the time required for cirrhosis development. In
addition, vascular permeability was significantly increased in these animals, in
contrast to permeability in animals with extrahepatic PH. This is explained by the
higher levels of eNOS and VEGF [102].

In addition to the aforementioned uses, intravital microscopy is used to quantify
adhesion and rolling of leukocytes, a well-known hallmark of inflammation,
which in turn leads to angiogenesis. In particular, in rats with cirrhosis induced by
CCl, (0.04 mL administered intragastrically and increased weekly in increments
of 0.04 mL to a maximum dose of 0.4 mL; 35 mg/100 mL phenobarbital was
added to drinking water once 2 weeks before the first administration of CCl,), the
index of leukocyte-endothelial interaction was increased in the microcirculation of
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the liver and small bowel mesentery [117]. The disadvantage of this method is the
need for surgical intervention and extraction of the mesentery from the abdominal
cavity. This causes a rapid and pronounced increase in the number of leukocyte
rolling in response to partial degranulation of perivascular mast cells and
endothelium expression of P-selectin in a matter of minutes [118].

The Requirements for the Analysis of Microcirculation Images Obtained with
Intravital Microscopy

Intravital microscopy requires video recording for the analysis of
microvasculature. It is recommended that the following requirements are met
[119]:

- At least three, or preferably five, arbitrary regions of microcirculation should be
included in the analysis.

- Optical magnification should be x10 for microcirculation imaging in small
laboratory animals.

- It is necessary to avoid pressure artifacts occurring when a microscope objective
contacts the region of interest; excess pressure applied to the area may collapse
the microcirculation and stop venous blood flow.

- Video images should be stored in full size without compression to the form of
DV-AVI files in order to provide the possibility of computer frame-by-frame
analysis. The optimal video recording time is 20 seconds.

A report on the analysis of images obtained with intravital microscopy must
include the following parameters calculated for all vessels and capillaries
separately:

- Total vascular density and perfused vessel density, which are calculated as the
ratio of total vessel length to image area.

- Proportion of perfused vessels expressed as a percentage.

+ Microvascular flow index.

- Heterogeneity index, which is calculated as the ratio of the difference between
the maximum and minimum blood flow velocity to its average velocity in the
five selected areas of an image.

Calculations can be made directly by the researcher using semiquantitative scales
for visual evaluation [120, 121]. For a more accurate analysis of the required
parameters, the Caplmage software is used. It was specially developed for
intravital microscopy [122].
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In Vivo Evaluation of Angiogenesis in the Small Bowel Mesentery by
Implantation of Teflon Rings

Implantation of Teflon rings is another technique for intravital evaluation of
angiogenesis of the small bowel mesentery in PH. The rings have a diameter of 7
mm, a height of 3 mm, and an internal diameter of 5 mm. The rings are placed
into polyester mesh bags and filled with a mixture of bovine Type I collagen and
bovine serum albumin. After performing a midline incision and PPVL, the rings
are implanted between the two mesenteric membranes and fixed with single
sutures in rats. After 16 days, the rats are euthanized, the implant is removed,
fixed in a 4% formalin, and paraffinized. Then, 3-pum-thick tissue sections are
prepared. The tissue is stained for further video morphometry and vascular
density calculation. This technique makes it possible to determine the number of
vessels and the mechanisms of their formation [123].

Immunofluorescence Assay

Vascular network imaging can be carried out by immunological reaction of
fluorescent antibodies with membrane proteins of endothelial cells. Anti-CD31
and anti-VEGF antibodies are most often used for these purposes [124]. The small
intestinal wall or its mesentery is washed in sodium phosphate buffer, dried on
gelatin-coated slides, and fixed in 100% methanol at -20°C for 30 minutes. The
sections are then incubated with the corresponding primary murine anti-rat
antibodies at 4°C for 12 hours. Streptavidin conjugated with carbocyanine CY2 is
used as a secondary antibody. It is applied at room temperature and held for 1
hour. The image obtained after fluorescence microscopy may be analyzed using
Image] software [125].

An alternative technique consists of the fixation of frozen sections in acetone at -
20°C for 10 minutes. After which, the tissue is blocked with 5% bovine serum
albumin solution for 45 minutes [38]. Besides CD31, endothelial cell
identification is possible with the use of BSI-lectin. Perivascular cell markers
include Neural/glial antigen 2, desmin, a-SMA, PDGFR-p, and class III B-tubulin
[126].

Immunohistochemical Staining

Immunohistochemical staining is performed to study not only intrahepatic but
also extrahepatic angiogenesis, including angiogenesis in the small bowel
mesentery and the gastric wall. The presence of angiogenesis in the small bowel
mesentery was confirmed by numerous experimental studies in laboratory animals
with different PH models [127].
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Tissue oxidative stress, which occurs in PH, aggravates the pathophysiological
changes that occur in the gastric wall. The oxidative stress is detected by the
reaction of antibodies with metabolites that arise during free radical oxidation,
such as nitrotirosine. In particular, an increased expression of eNOS, VEGF, and
nitrotyrosine was found in the gastric wall of rats with prehepatic PH induced by
PPVL, indicating the presence of stimuli for further development of collateral
circulation [128].

Aperio [129] or the CAIMAN algorithm [130] may be used to calculate the
number of vessels on images of immunohistochemically stained samples. The
program called AngioPath can quantify microvessels and determine the size and
shape of all vessels as well as each vessel individually. As such, it is an important
tool for characterizing angiogenesis [131].

Scanning Electron Microscopy

Scanning electron microscopy of vascular casts is helpful for imaging of the
splanchnic vascular network's 3D structure with its subsequent quantitative
analysis. The technique was used in animals with PPVL and biliary cirrhosis and
revealed the presence of newly formed tortuous vessels serving as shunts between
the branches of the inferior vena cava and the portal vein. In addition, holes were
found in the walls of some capillaries, serving as a sign of intussusceptive
angiogenesis, which is one of the two known types of microvessel growth [101].

Assessment of Portosystemic Shunting

Portosystemic Shunting Assay Using Microspheres

In 1981, Chojkier and Groszmann [132] proposed to use °'Cr-labelled
microspheres to assess the degree of portosystemic shunting. The modification of
Chojkier and Groszmann’s technique through the use of color polystyrene
fluorescent microspheres has become widespread at the present time, because this
technique excludes any contact with the dangerous radioactive material and
maintains accuracy [133].

Approximately 30,000 yellow microspheres (15 pm in diameter) are slowly
injected into the spleen. An injection of microspheres of a different colour into the
ileocolic vein should be completed for a more detailed haemodynamic assessment
of total shunting from the splanchnic area. The liver and lungs of the animal
models are removed and placed in centrifuge tubes. Approximately 3,000 blue
microspheres are added as an internal control. The tissue is digested in unilocular
potassium hydroxide at 60°C for 12 hours and then sonicated. After
centrifugation, the supernatant is removed and the pellets are washed once in 10%
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Triton X-100 solution and twice in acidified ethanol.

The precipitate containing microspheres was dried for 12 hours, diluted in
acidified Cellosolve™ acetate (The Dow Chemical Company, Midland,
Michigan, USA), and the number of microspheres was counted using a
spectrophotometer. A hemocytometer and an epifluorescent microscope are also
adequate for this procedure [134]. The degree of portosystemic shunting is
calculated as the ratio of the number of pulmonary microspheres to their sum in
the lungs and liver [135].

The microsphere technique confirmed that portosystemic collaterals had started
forming in rats with PH 2 days after PPVL and became fully developed on Day 7
post PPVL [69]. At the same time, portosystemic collaterals developed later in
rats with biliary cirrhosis. Therefore, it is expedient to evaluate them 1 month
after bile duct ligation [136].

Three-Dimensional Micro-Single-Photon Emission Computed Tomography

Since a significant disadvantage of the microsphere method is the need to use
laboratory animals, micro-single-photon emission computed tomography (3D
micro-SPECT) with technetium (**"Tc) macro aggregated albumin was developed
as an alternative. It provides a possibility of conducting serial measurements of
portosystemic shunting at different time points after the creation of a model. *"Tc
macro aggregated albumin particles are injected into the splenic pulp;
accumulation of the particles in the liver and lungs is determined by using colour
scales and computer processing.

3D micro-SPECT was used in mice with PPVL and biliary cirrhosis. The results
correlated with the results obtained by using *'Cr-labelled microspheres, and there
were no lethality or changes in animals’ behaviour after its reusing on the 8th,
12th, and 15th day after the model creation [137].

The application of modern techniques for studying angiogenesis in experimental
research made it possible to establish the important role of new vessel formation
in cirrhosis-associated PH pathogenesis and has created the prerequisites for the
development of antiangiogenic therapy aimed at threating PH-associated
hemodynamic disorders.

PERSPECTIVES OF ANTIANGIOGENIC THERAPY FOR PORTAL
HYPERTENSION IN LIVER CIRRHOSIS

The efforts to develop angiogenesis inhibitors began in the 1970s at Harvard
University under the guidance of Judah Folkman. The drugs were actively
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introduced into clinical practice a decade after the first were developed [29].

Inhibitors of Intrahepatic Angiogenesis

Tyrosine Kinase Inhibitors

The introduction of antiangiogenic therapy into hepatological practice began with
the treatment of hepatocellular carcinoma, a well-vascularized tumor that needs
intense angiogenic activity for its development [138]. The most studied drug used
for this purpose is sorafenib, a multi-targeted inhibitor of receptor and
nonreceptor tyrosine kinases, which are responsible for transmitting various
signals to cells, including proliferative stimuli. The antitumor and antiangiogenic
effect of sorafenib is achieved mainly through the suppression of the
Raf/MEK/ERK signaling pathway and blockade of signaling from the receptors of
VEGF (VEGFR), PDGF (PDGFR), and c-kit (SCFR) [139].

Experimental studies have shown the antiangiogenic effect of sorafenib during the
early stage of hepatic fibrosis [140]. In animals with various models of cirrhosis,
it had positive effects on some pathogenetic pathways of fibrogenesis and
angiogenesis in the liver by blocking the receptor tyrosine kinases located on the
surface of HSC, the expression of which, especially VEGFR and PDGFR, was
increased [141] (Fig. 3):

- the suppression of activated HSC proliferation and the activation of apoptosis;

- the inhibition of cyclin D1 and cyclin-dependent kinase 4 (Cdk-4) with a
simultaneous increase in the expression of Fas, Fas-L, and Caspase-3, and a
decrease in the ratio of Bcl-2 to Bax;

- an increase in the ratio of matrix metalloproteinases to the tissue inhibitor of
matrix metalloproteinases, and also a decrease in the synthesis of collagen by
HSC;

- the inhibition of phosphorylation of ERK, Akt, and ribosomal protein kinase S6
with a molecular mass of 70 kDa (p70S6K) [143]; and

- the disturbance of the Kruppel-like factor 6-Angl—fibronectin molecular triad
functioning [108].

Sorafenib decreased the severity of inflammation, fibrogenesis, and angiogenesis
in rats with biliary cirrhosis, which led to a reduction in hepatic vascular
resistance to portal blood flow [144].

Another multi-targeted tyrosine kinase inhibitor sunitinib is less studied but
known to block VEGFR1/2/3, PDGFR-a/fB, fibroblast growth factor receptor
(FGFR), and c-kit signaling [145]. In addition, an in vitro study by Majumder et
al [146] showed that sunitinib can slow HSC collagen synthesis by 47%, reduce
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HSC contractility by 65%, and decrease cellular migration by 28%, as well as
inhibit the angiogenic capacity of SEC.

Fig. (3). Positive effects of sorafenib on some pathogenetic pathways of fibrogenesis and angiogenesis in the
liver. Sorafenib (S) blocks the ATP-binding site of the vascular endothelial growth factor receptor (VEGFR),
platelet-derived growth factor receptor (PDGFR), and stem cell growth factor receptor (SCFR) tyrosine
kinases located on the surface of HSC, inhibiting the two main cellular pathways of the RAS protein. At the
same time, sorafenib increases the expression of Fas and its ligand. This decreases the severity of fibrogenesis
and angiogenesis and increases apoptosis, leading to a reduction in hepatic vascular resistance to portal blood
flow [142].

Branivib is a double inhibitor of VEGFR and FGFR signaling. It significantly
suppressed intrahepatic angiogenesis and reduced PH in rats with biliary cirrhosis
[109]. Additionally, it improved blood circulation in the liver and hindered the
formation of ascites in rats with liver cirrhosis caused by nonalcoholic
steatohepatitis [147].
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Statins

The positive effect of statins on hepatic fibro- and angiogenesis in cirrhosis is
associated with the induction of Kriippel-like factor 2 (KLF2) in SEC [148].
KLF2 is a member of a family of widely expressed transcription factors that
regulate cell and tissue growth. KLF2 is well represented in the vascular
endothelium and is necessary for the normal development of vessels; in addition,
it is a well-known antiangiogenic factor that modulates the severity of many
endothelial vasoprotective genes [149]. KLF2 can effectively inhibit HIF-1a,
reducing the expression of such proangiogenic factors as VEGF and Ang2 [150].

The mechanical stimuli generated by shear stress are the main physiological
impulse for triggering and maintaining endothelial KLF2 expression [151]. In the
cirrhotic liver, KLF2 expression was elevated in both SEC [152] and activated
HSC [153]. This serves as a compensatory mechanism aimed at eliminating
vascular dysfunction and preventing angiogenesis by suppressing the proliferation
and migration of SEC, as well as downregulating the ERK1/2 signaling pathway
to inhibit the formation of tubular structures [154].

In an in vitro study conducted by Miao et al [155], simvastatin eliminated the pro-
angiogenic environment for TGF-B-activated HSC as a result of the following
processes:

- the reduction of cell migration and proliferation;

- the inhibition of the a-SMA expression, and the elevation of mRNA and KLF2
levels in HSC;

- an increase in the production of eNOS and suppression of the various
proangiogenic proteins expression in HSC, such as VEGF, HIF-1a, and pro-
inflammatory NF-«xB; and

- the reduction of the hyperactivity of interferon vy, which participates in
angiogenesis.

In rats with CCL4-induced liver cirrhosis, it was noted that statins (atorvastatin,
mevastatin, simvastatin, and lovastatin) enhanced the effect of KLF2. By doing
this, they deactivated SEC and reduced the severity of fibrosis and associated
angiogenesis, thereby exerting a positive effect on PH [156].

Rifaximin

Endotoxemia, which is due to the translocation of gram-negative bacteria from the
intestine, plays an important role in the pathogenesis of both cirrhosis and
associated complications [157]. During the development of cirrhosis, bacterial
lipopolysaccharide influences Kupffer cells and HSC. Nevertheless, SEC are
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affected first. TLR4, which are located on their surface and capable of binding
bacterial lipopolysaccharide, are involved in fibrosis-associated angiogenesis.
These receptors manifest such properties through the related cytosolic adapter
protein MyD88, which is involved in the production of extracellular protease
regulating the invasive ability of SEC [42].

In mice with biliary cirrhosis, it was shown that rifaximin, a nonabsorbable
antibiotic with broad antimicrobial activity against aerobic and anaerobic gram-
negative bacteria, reduced the severity of fibrosis and angiogenesis in the liver by
inhibiting bacterial lipopolysaccharide binding to TLR4. As a consequence, it
reduced PH [158]. This drug is already used to treat hepatic encephalopathy. It
has an acceptable safety profile when applied in patients with chronic liver
diseases and is approved by the US Food and Drug Administration [159]. This
experimental study may be a basis for evaluation of rifaximin in other
complications of cirrhosis.

Largazole

The histone deacetylase inhibitor largazole is a natural compound derived from
marine cyanobacteria Symploca sp. With a strong antiproliferative and cytotoxic
effect, it has a wide spectrum but differential activity against several different
lines of cancer cells [160]. In addition, in experimental studies in vitro and in vivo,
largazole attenuated the severity of liver fibrosis and associated angiogenesis
through numerous independent mechanisms:

- the reduction of VEGF production by HSC;

- the inhibition of VEGF-stimulated HSC proliferation;

- the downregulation of TGF-B1- and VEGF-induced Akt phosphorylation in
activated HSC, as well as the downregulation of VEGFR2-dependent p38MAPK
phosphorylation in SEC; and

- the suppression of CD34, VEGF, and VEGFR2 expression [161].

The ability of largazole to affect the main fibrogenic and angiogenic pathways in
the cirrhotic liver can be used to test its effectiveness in PH.

Ribavirin

In addition to antiviral activity against certain DNA- and RNA-containing viruses,
ribavirin may have a positive effect on the morphological changes underlying the
development of cirrhosis [162]. In addition, at therapeutic concentrations, it is
able to inhibit angiogenesis both in vitro and in vivo, which is due to the inhibition
of inosine-5'-monophosphate dehydrogenase 1 activity and a decrease in
tetrahydrobiopterin, NO, and cyclic guanosine monophosphate (cGMP) levels in
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SEC [163].
Inhibitors of Extrahepatic Angiogenesis

It was traditionally thought that portosystemic shunts are formed when increased
portal pressure “opens” pre-existing vessels in the areas of embryonic connection
between the portal and systemic circulation. This paradigm was challenged by
Fernandez et al, who first reported that portosystemic collaterals in PH are formed
due to active angiogenesis. It should be noted that VEGF is of the greatest
importance only at the initial stages of angiogenesis, when it activates endothelial
cell proliferation and the subsequent formation of endothelial tubules. Vascular
maturation is modulated mainly by PDGF, which regulates the introduction of
endothelial tubules into the population of intramural cells and pericytes, thus
stabilizing the newly formed vasculature [47]. The simultaneous suppression of
the signaling caused by both VEGF and PDGF appears more promising than
suppressing them individually.

Tyrosine Kinase Inhibitors

Fernandez et a/ [164] studied the combined effect of rapamycin (mTOR inhibitor)
and glivec (tyrosine protein kinase inhibitor) on VEGF and PDGF signaling,
respectively, in rats with extrahepatic PH caused by partial portal vein ligation
and with well-developed portosystemic collateral circulation. It was noted that
rapamycin and glivec in combination markedly reduced the splanchnic
neovascularization and pericyte coverage of new vessels through the decreased
expression of VEGF, VEGFR2, CD31, PDGF, PDGFR-B, and a-SMA. In
addition, there was a reduction of portal pressure and blood flow along the
superior mesenteric artery by 40% and 30% from the baseline level, respectively.

Similar results were obtained by Mejias ef al [144], who found that multi-kinase
inhibitor sorafenib triggered blockade of VEGF and PDGF signaling transduction
and the Raf/MEK/ERK signaling pathways. Sorafenib significantly reduced
intraorgan and systemic blood flow, and increased splanchnic neovascularization
by 80% and portosystemic shunting by 18%. This led to a reduction in hepatic
vascular resistance and decrease in portal pressure by 25% from the baseline. It
was also noted that the positive effect of sorafenib on PH was more significant
when it was combined with propranolol [165].

Somatostatin and its Synthetic Analogs

Somatostatin is a cyclic 14-amino acid peptide, which is secreted by nerve,
endocrine, and enteroendocrine cells in the hypothalamus and digestive system (in
the stomach, intestine, and pancreatic d-cells). Somatostatin and its synthetic
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analogs (octreotide, vapreotide, and others) are used in patients with cirrhosis to
treat bleeding from esophageal varices by affecting both intra- and extrahepatic
mechanisms of PH [166].

The ability of octreotide to inhibit cell proliferation and neovascularization
through the high-affinity somatostatin subtype receptor 2 (SSTR2) was an
impetus for studying its antiangiogenic properties in various diseases [167]. In
studies involving rats with extrahepatic PH caused by partial portal vein ligation,
octreotide significantly weakened the expression of VEGF and CD31 in the
internal organs, reduced the development of splanchnic neovascularization by
64%, and lessened the severity of a portosystemic collateral circulation by 16%.
At the same time, its angioinhibitory effect manifested only in the first four days
of the experiment and completely disappeared after a week, as PH progressed.
This is possibly due to a decrease in SSTR2 expression in mucosa, intestinal
vessels, and portosystemic collaterals [168].

Spironolactone

Pathophysiological disturbances inherent to PH underlie the occurrence of ascites
in cirrhosis. Systemic arterial vasodilation and the activation of various
neurohormonal pathways, including the renin-angiotensin-aldosterone system,
cause renal dysfunction. This decreases Na+ and water excretion and reduces the
glomerular filtration rate. The drug of choice for treatment is spironolactone, an
antagonist of aldosterone, a mineralocorticoid, that mediates the reabsorption of
Na+ and water in the distal part of the nephron [169]. In addition to the important
role in maintaining water—salt metabolism, aldosterone has angiogenic properties.
In particular, it enhances ischemia-induced neovascularization [170], stimulates
pathological angiogenesis in the retina [171], and promotes the proliferation of
endothelial cells of the heart [172] by activating angiotensin II signaling. At the
same time, its antagonist spironolactone inhibits these processes both in vitro and
in vivo [173]. In rats with biliary cirrhosis, spironolactone significantly reduced
the degree of mesenteric angiogenesis and portosystemic shunting by suppressing
the VEGF signal transduction pathway [174].

N-acetylcysteine

Because hypoxia serves as the main inducer of angiogenesis both under
physiological and pathological conditions, angiogenesis inhibitors may be drugs
with antioxidant properties. One of them is N-acetylcysteine, which is a derivative
of amino acid cysteine, the thiol groups of which directly interact with
electrophilic groups of free radicals. N-acetylcysteine can also enhance the
activity of glutathione-S-transferase, glutathione peroxidase, glutathione
reductase, and a number of other enzymes involved in maintaining the
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oxidant/antioxidant balance [175].

Long-term application of N-acetylcysteine in rats with biliary cirrhosis lessened
oxidative stress in the mesentery of the small intestine, reduced the level of
circulating inflammatory cytokines, and inhibited mesenteric angiogenesis by
decreasing angiogenic marker expression (VEGF, VEGFR2, Angl, and CD31).
This eventually improved splanchnic and systemic hemodynamics.

In addition, N-acetylcysteine inhibited VEGF-induced endothelial tubule
formation and endothelial cell migration by suppressing TNF-o and
Akt/eNOS/NO angiogenic signaling cascade in vitro. It also reduced the number
of reactive oxygen species (including reactive compounds of thiobarbituric acid
and malondialdehyde) and inflammatory cytokines in the human umbilical vein
endothelial cell supernatant [136].

Endothelin Receptor Blockers

ET-1 is one of the mediators whose synthesis is enhanced in conditions of tissue
hypoxia. It is directly involved in intra- and extrahepatic mechanisms of PH
pathogenesis, and its circulating level is increased in cirrhosis because of “large
endothelin” hyperproduction and increased expression of endothelin-converting
enzyme [176]. Experimental studies have shown that ET-1 induces angiogenic
responses in cultured endothelial cells through endothelial ETB-type receptors
and, in combination with VEGF, stimulates neovascularization in vivo [177]. The
nonselective endothelin receptor blocker bosentan and the selective ETA receptor
blocker ambrisentan reduced the degree of mesenteric angiogenesis and
portosystemic shunting in rats with biliary cirrhosis by suppressing inducible
nitric oxide synthase (iNOS), cyclooxygenase 2, VEGF and VEGFR2, and Akt
signaling [178].

Pioglitazone

Pioglitazone, a potent selective agonist of peroxisome proliferator-activated
receptors-y (PPAR-y), is able to reduce the level of systemic inflammation in
patients with a high cardiovascular disease risk. It blocks the activity of pro-
inflammatory genes by post-transcriptional modification of their products (by
attaching small SUMO proteins to them) and suppresses NF-kB expression by
transrepression. All PPAR isomers (PPAR-a, PPAR-B/-8, and PPAR-y) are anti-
inflammatory nuclear transcription factors and NF-kB antagonists. Dominant
negative mutation of PPAR-y leads to systemic inflammation and rapid
development of related diseases: arterial hypertension, atherosclerosis, type 2
diabetes, nonalcoholic steatohepatitis, psoriasis, and premature aging [179].
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In addition to systemic inflammation reduction, PPAR-y agonists are also capable
of inhibiting oxidative stress and angiogenesis [180]. In rats with models of
biliary cirrhosis and extrahepatic PH caused by partial portal vein ligation,
pioglitazone reduced the degree of portosystemic shunting by 22-30% by
suppressing angiogenic and pro-inflammatory cytokines, chemokines, and growth
factors (VEGF, PDGF, and PIGF) [181].

Thalidomide

Thalidomide, a glutamic acid derivative with antiangiogenic, anti-inflammatory,
and immunomodulatory properties, is able to hinder TNF-o/interleukin-1p3
production for which activated immune cells are responsible [182]. It was also
shown in rats with biliary cirrhosis that thalidomide blocked the TNFa-VEG-
-NOS-NO pathway by downregulating elevated inflammasome expression in the
intestinal and mesenteric tissues, which weakened mesenteric angiogenesis and
portosystemic shunting [183].

Polyphenols

The possibility of influencing the pathogenetic mechanisms of extrahepatic
angiogenesis was found in polyphenols, the chemicals of plant origin with a
strong antioxidant effect.

The tea catechins extracted from the dried leaves of Camellia sinensis reduced the
severity of mesenteric angiogenesis and portosystemic shunting in rats with
biliary cirrhosis by reducing HIF-la expression, Akt signaling, and VEGF
synthesis [135].

2’-hydroxyflavonoid, which is contained in citruses, prevented the formation of
new splanchnic vessels and portosystemic collaterals in rats with thioacetamide-
induced liver cirrhosis by downregulating apoptosis [184].

The long-term use of curcumin, a polyphenol extracted from turmeric roots,
improved the course of PH in liver cirrhosis by positively affecting liver fibrosis
and reducing portal influx. These effects were achieved through inhibiting
mesenteric angiogenesis and restoring mesenteric vessel contractility, as well as
decreasing the degree of portosystemic collateral circulation and hyperdynamic
circulatory state. Moreover, its favorable effects on the splanchnic and systemic
blood flow included the suppression of VEGF, cyclooxygenase 2, and eNOS
[113].

Clinical Experience of Antiangiogenic Therapy for Portal Hypertension

The effect of the drugs described above was studied only in experiments
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involving animals (Tables 3, 4), and only tyrosine kinase inhibitors were tested as
an antiangiogenic therapy in patients with cirrhosis and PH.

Coriat et al [185] were the first to assess the effect of sorafenib on the portal and
systemic hemodynamics, in seven patients with cirrhosis and hepatocellular
carcinoma. Five of them had Child—Turcotte-Pugh (CTP) class A, and two had
CTP class B. Sorafenib was administered for one month at 400 mg twice a day. In
one patient, this was first reduced to 400 mg once a day and then to 400 mg every
two days because side effects appeared. A decrease in portal blood flow by at
least 36% was noted, while no changes in blood flow were found in the azygos
vein and abdominal aorta.

In a pilot study, Pinter et a/ [186] investigated the effects of sorafenib on HVPG
and systemic hemodynamics, as well as the expression of mRNA genes involved
in fibrogenesis, angiogenesis, and inflammation in the liver in 13 patients
suffering from cirrhosis and hepatocellular carcinoma (10 patients had CTP class
A and three patients had CTP class B). The drug was administered at 400 mg
twice a day for two weeks. Four of the 11 patients with PH (eight of whom had
clinically significant PH) had a reduction in HVPG by more than 20% from the
baseline values and, in addition, a decrease in the levels of mRNA, VEGF, PDGF,
PIGF, RhoA kinase, and TNF-a.

However, the results were not as optimistic in a randomized double-blind
placebo-controlled study that assessed the effects of sorafenib administered at 400
mg twice a day on HVPG in nine patients with cirrhosis and hepatocellular
carcinoma [187].

The main drawback of tyrosine kinase inhibitors is hepatotoxicity. A study of
possibilities of their selective delivery to target cells, in particular, HSC, seems to
be a promising direction in solving this problem.

Achievements in understanding the pathogenesis of PH in cirrhosis stimulated the
development of new pharmacotherapeutic methods. Currently, the drugs of choice

Table 3. Drugs that can inhibit intrahepatic angiogenesis in portal hypertension.

Ref. Drugs Experimental models Effects

Liu et al [133], | Sorafenib |Biliary cirrhosis, non-alcoholic |Suppresses the Raf/MEK/ERK signaling
Qu et al [134], steatohepatitis, thioacetamide-, |pathway and blocks the signaling from the
Wang et al diethylnitrosamine-, VEGFR, PDGFR, and SCFR; therefore,
[135], Thabut dimethylnitrosamine-, and increases apoptosis and decreases

etal [101], CCl,-induced cirrhosis. inflammation, fibrogenesis, angiogenesis,
Mejias et al and hepatic vascular resistance.

[136]
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Table 3) cont.....

Ref. Drugs Experimental models Effects

Tugues et al Sunitinib | CCl,-induced cirrhosis and cell |Blocks VEGFR1/2/3, PDGFR-0/f, FGFR,

[137], cultures (immortalized human |and SCFR; reduces HSC collagen synthesis,

Majumder et activated HSC cell line, human |contractility, cellular migration, and SEC

al [138] HSC, and isolated primary angiogenic capacity.

human liver sinusoidal
endothelial cells).

Lin et a/ [102], | Brivanib Biliary cirrhosis, non-alcoholic |Inhibits VEGFR and FGFR; therefore,

Yang et al steatohepatitis. suppresses intrahepatic angiogenesis and

[139] portal hypertension, improves blood
circulation, and hinders ascites formation.

Miao et al Simvastatin | CCl,-induced cirrhosis and LX- | Enhances KLF2, through which deactivates

[147], Marrone 2 cell line. SEC and reduces the severity of fibrosis and

et al [148] associated angiogenesis.

Zhu et al [150] |Rifaximin |Biliary cirrhosis. Downregulates bacterial lipopolysaccharide
binding to TLR4; therefore, reduces the
severity of fibrosis and associated
angiogenesis.

Liu ef al [152], | Largazole |Human colorectal carcinoma Suppresses the effects of CD34, VEGF,

Liu et al [153] cells (HCT116, HT29, and TGF-B1, and VEGFR2, blocking the main

HCT15), human HSC, and fibrogenic and angiogenic pathways.
CCl,-induced cirrhosis.
Michaelis et a/ |Ribavirin |Human umbilical vein Hinders angiogenesis by inhibiting inosine-

[155]

endothelial cells.

5'-monophosphate dehydrogenase 1,
tetrahydrobiopterin, NO, and cGMP.

Table 4. Drugs that can inhibit extrahepatic angiogenesis in portal hypertension.

Ref.

Drugs

Experimental models

Effects

[156]

Fernandez et al

Rapamycin and glivec

Partial portal vein ligation

Downregulates VEGF, VEGFR2,
CD31, PDGF, PDGFR-B, and a-
SMA.

Mejias et al [136]

Sorafenib

cirrhosis

Partial portal vein ligation
and CCl-induced

Blocks VEGF, PDGF, and
Raf/MEK/ERK signaling
pathway; therefore, reduces
intraorgan and systemic blood
flow, splanchnic
neovascularization, portosystemic
shunting, hepatic vascular
resistance, and portal pressure.

Woltering et al

[160]

[159], Mejias et al

Somatostatin and its
synthetic analogs

Partial portal vein ligation

Reduces VEGF and CD31
expression, splanchnic
neovascularization, and
portosystemic collateral
circulation by blocking SSTR2.
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Table 4) cont.....

Ref. Drugs Experimental models Effects
Miternique-Grosse | Spironolactone Biliary cirrhosis Suppresses the effects of
et al [165] aldosterone and the VEGF signal

transduction pathway

Lee et al [129] N-acetylcysteine Biliary cirrhosis Reduces oxidative stress,
inflammatory cytokine levels,
TNF-0, VEGF, VEGFR2, Angl,
CD31 expression, and suppresses

Akt/eNOS/NO pathway.
Hsu et al [170] Bosentan and Biliary cirrhosis Block endothelin receptors and
ambrisentan suppress iNOS, cyclooxygenase
2, VEGF, VEGFR2, and Akt
signaling.
Schwabl et al [173] |Pioglitazone Biliary cirrhosis Downregulates inflammatory

genes and NF-kB expression,
suppresses angiogenic and pro-
inflammatory cytokines,
chemokines, and growth factors
(VEGF, PDGF, and PIGF).

Lietal [175] Thalidomide Biliary cirrhosis Hinders TNF-o/interleukin-1
production and blocks the TNFa-
VEGF-NOS-NO pathway.

Hsu et al [128] Catechins of Camellia |Biliary cirrhosis Reduce HIF-1a expression, Akt
sinensis signaling, and VEGF synthesis.
Hsin et al [176] 2’-hydroxyflavonoid |Thioacetamide-induced |Downregulates apoptosis.

liver cirrhosis

Hsu et al [106] Curcumin Biliary cirrhosis Suppresses VEGF,
cyclooxygenase 2, and eNOS.

are nonselective p-blockers. However, nonselective [-blockers are not
recommended during the subclinical stage of the disease, when the most justified
treatment is etiotropic and pathogenetic. Such treatment may be aimed at, for
example, affecting fibro- and angiogenesis in the liver, as well as angiogenesis
underlying the formation of portosystemic shunts. Etiopathogenic approach, as
part of a complex correction of pathophysiological disorders that contribute to the
development of PH, may be the key to success in preventing related
complications.

CONCLUSION

When choosing the therapy for PH, one should take into account a clinical stage
of cirrhosis, which largely determines the prognosis of the disease [188].

- Stage 1. An absence of esophageal varices in patients with compensated
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cirrhosis. In this case, they may have both subclinical (HVPG is within 6-10
mmHg) and clinically significant PH (HVPG is more than 10 mmHg).

- Stage 2. The presence of esophageal varices in patients with compensated
cirrhosis.

- Stage 3. Bleeding from esophageal varices in patients with cirrhosis in the
absence of such signs of decompensation as ascites, jaundice, or
encephalopathy.

- Stage 4. Patients with cirrhosis have one of the following signs of
decompensation: ascites, jaundice, or encephalopathy, regardless of esophageal
varices.

- Stage 5. Patients with cirrhosis have more than one of the following signs of
decompensation: ascites, jaundice, or encephalopathy, regardless of esophageal
varices.

Patients with the first and second stages should be divided on those who have
subclinical PH and need pre-primary prophylaxis, which prevents the formation of
esophageal varices, and those who have clinically significant PH and need
measures aimed at variceal bleeding prevention [189] (Fig. 4). HVPG values >10
mmHg measured using the balloon wedge method are the “gold standard” for
clinically significant PH diagnosis. Alternatively, liver stiffness could be
measured using transient elastography (TE). The liver stiffness values >20-25 kPa
indicate clinically significant PH in patients with cirrhosis of viral etiology [1].
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Fig. (4). The therapeutic and diagnostic algorithm in patients with cirrhosis who have not had bleeding from
esophageal varices.
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The ability of nonselective B-blockers to positively affect portal pressure by
reducing cardiac output (blockade of Pl-adrenergic receptors) and splanchnic
vasodilation (blockade of f2-adrenergic receptors) allowed them to be considered
the drugs of choice for primary prevention of bleeding from esophageal varices.
However, the absence of a hyperdynamic circulatory status makes it inappropriate
to use them in patients with subclinical PH [190]. At this stage, treatment of PH
should be etiological and pathogenetic [191].

Certainly, abstinence is the most substantial and fundamental etiological treatment
for alcoholic liver disease. In patients with alcoholic cirrhosis, abstinence may
lead to regression of liver fibrosis, improve liver function, and help reduce portal
pressure [192]. In the past decade, with the progress of antiviral therapy, viral
hepatitis-related cirrhosis has undergone a radical change in its natural course
following antiviral therapy. At the same time, a sustained virologic response has a
positive effect on the histological structure of the liver and significantly reduces
HVPG [193, 194]. Angiogenesis plays an important role in the pathogenesis of
cirrhosis, underlies the development of associated PH, and is the cause of PH-
related complications. Experimental studies made it possible to study the
mechanism of action of drugs inhibiting angiogenesis and their effect on PH.
However, only tyrosine kinase inhibitors have been tested in patients with
cirrhosis as an anti-angiogenic therapy for PH [142]. Although these studies look
promising, the complete blockade of the angiogenic pathways can be detrimental,
since angiogenesis is also necessary to repair liver tissue and resolve fibrosis. In
our opinion, the future of anti-angiogenic therapy lies in its selective effect on
target cells in patients with compensated cirrhosis and subclinical PH.

Nonselective B-blockers should be prescribed to patients with clinically
significant PH, who have small esophageal varices and risk factors for bleeding
(severe liver dysfunction (CTP class B or C), alcoholic etiology of the disease,
and the presence of so-called red signs on varicose veins during initial
esophagogastroduodenoscopy (EGD)). The use of nonselective B-blockers is
possible in the absence of these risk factors. The use of nonselective B-blockers is
also a first-line therapy for the primary prevention of bleeding from esophageal
varices of medium and large size. Endoscopic band ligation is indicated for
patients who are tolerant or have contraindications to nonselective B-blockers [1].
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ABBREVIATION LIST
Akt protein kinase B

Ang angiopoietin

0-SMA alpha smooth muscle actin

CTGF connective tissue growth factor

¢GMP cyclic guanosine monophosphate

CTP Child-Turcotte-Pugh

Ccql, carbon tetrachloride

ET endothelin-1

eNOS  endothelial nitric oxide synthase

EGF epidermal growth factor

FGF fibroblast growth factor

EGD esophagogastroduodenoscopy

FGFR fibroblast growth factor receptor

HVPG hepatic venous portal gradient

HSC hepatic stellate cells

HGF hepatocyte growth factor

HIF hypoxia-inducible factor

iNOS  inducible nitric oxide synthase

IGF insulin-like growth factor

IL interleukin

KLF Krupple-like factor

KLF2  Kriippel-like factor 2

NF-kB factor kappa-light-chain-enhancer of activated B cells
NO nitric oxide

PAF platelet activation factor

PDGF platelet-derived growth factor

PDGFR platelet-derived growth factor receptor-f3
PIGF  placental growth factor

PPAR peroxisome proliferator-activated receptor

PH portal hypertension
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ROS
SEC

reactive oxygen species

sinusoidal endothelial cells

SCFR  stem cell growth factor receptor

SSTR2 somatostatin receptor type 2

TGF
TNF
TE

transforming growth factor
tumor necrosis factor

transient elastography

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor

VSPC  vascular stem/progenitor cells
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