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Abstract

The bases of our current knowledge on the physiology of the hepatic portal system are largely owed
to the work of three pioneering vascular researchers from the sixteenth and the seventeenth
centuries: A. Vesalius, W. Harvey, and F. Glisson. Vesalius is referred to as the founder of modern
human anatomy, and in his influential book, De humani corporis fabrica libri septem, he elaborated
the first anatomical atlas of the hepatic portal venous system (Vesalius 2013). Sir William
Harvey laid the foundations of modern cardiovascular research with his Exercitatio Anatomica de
Motu Cordis et Sanguinis in Animalibus (Harvey 1931) in which he established the nature of
blood circulation. Finally, F. Glisson characterized the gastrointestinal-hepatic vascular system
(Child 1955). These physiological descriptions were later complemented with clinical observations.
In the eighteenth and nineteenth centuries, Morgagni, Puckelt, Cruveilhier, and Osler were the first
to make the connection between common hepatic complications — ascites, splenomegaly, and
gastrointestinal bleeding — and obstruction of the portal system (Sandblom 1993). These were the
foundations that allowed Gilbert, Villaret, and Thompson to establish an early definition of portal
hypertension at the beginning of the twentieth century. In this period, Thompson performed the first
direct measurement of portal pressure by laparotomy in some patients (Gilbert and Villaret 1906;
Thompson et al. 1937). Considering all these milestones, and paraphrasing Sir Isaac Newton, if
hepatologists have seen further, it is by standing on the shoulders of giants.

Nowadays, our understanding of the pathogenesis of portal hypertension has largely improved
thanks to the progress in preclinical and clinical research. However, this field is ever-changing and
hepatologists are continually identifying novel pathological mechanisms and developing new
therapeutic strategies for this clinical condition. Hence, the aim of this chapter is to summarize the
current knowledge about this clinical condition.

Glossary of Terms

Cirrhosis Complex pathophysiological process affecting the liver that
involves progressive destruction and pathological regeneration of
the hepatic parenchyma characterized by the accumulation of
extracellular matrix.

Fenestrae Membrane pores present in liver sinusoidal endothelial cells with
diameters of ~20-250 nm. The fenestrae are arranged in special
structures called sieve plates, which are approximately 0.1 um in
diameter and comprise 20-50 aggregated pores.
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Hepatic stellate cell (HSC)

Hepatic venous pressure
gradient (HVPG)
Idiopathic portal
hypertension

Kupffer cells

Microparticles

Nonalcoholic steatohepatitis
(NASH)

Portal hypertension

Portal venous system

Primary biliary cirrhosis

Radical oxygen species

Schistosomiasis

Sinusoidal capillarization

Vascular remodeling

Hepatic stellate cells are liver-specific mesenchymal cells located
in the space of Disse that can transdifferentiate from a quiescent
phenotype into a highly proliferative, contractile, and profibrotic
myofibroblast.

This parameter is defined as the difference between the wedged
(WHVP) and the free hepatic venous pressures (FHVP).

A result of various degrees of portal venous injury, with unclear
etiology, that predominantly manifest in the pre-sinusoidal region.
These cells are a large population of resident tissue macrophages
that are located in the sinusoidal lumen and in close contact with
the endothelial cells and hepatocytes.

Small cell-derived vesicles with a diameter comprised between
0.1 — 1 um that are generated after cell activation or apoptosis. The
membrane of the microparticle maintains cell surface molecules
from parent cells.

A clinical syndrome characterized by a significant hepatic
inflammatory response with concurrent fat accumulation in the
liver.

A clinical syndrome characterized by a pathological increase in the
hydrostatic pressure — over 6 mmHg — in the portal venous
territory.

Vascular system composed by two capillary beds directly
interconnected through veins.

Primary biliary cirrhosis is a chronic disease of the liver
characterized by a progressive destruction of small bile ducts. This
process is usually associated with the development of scarring,
fibrosis, and cirrhosis.

A group of reactive molecules and free radicals derived from
molecular oxygen that act as major cellular mediators involved in
cell signaling and cell function. This term encompasses various
oxygen species such as superoxide, hydrogen peroxide,
hypochlorous acid, and hydroxyl radicals.

Clinical condition characterized by the pre-sinusoidal obstruction
of portal venules caused by deposition of eggs of parasites
belonging to the genus Schistosoma.

Structural transformation of the hepatic sinusoids into continuous
capillaries characterized by the presence of basement membranes
and defenestration of sinusoidal endothelial cells.

The long-term structural adaptations that occur in blood vessels to
maintain constant flow despite hemodynamic disturbances or
vascular abnormalities.
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Anatomical and Hemodynamic Characteristics of the Intrahepatic
Circulation

The liver receives about 15-25 % of the cardiac output via two sources of blood supply, the hepatic
artery that delivers arterial blood and provides 25-30 % of the hepatic blood volume and the portal
vein. The hepatic portal venous system carries blood from the esophagus, stomach, intestine,
pancreas, and spleen to the liver. With this anatomical arrangement, the concentrations of certain
hormones (e.g., substance P, insulin, and glucagon), nutrients, and metabolites are comparatively
higher in the hepatic portal circulation than in any other vascular territories (Geller et al. 2009). The
blood vessels that connect the capillaries of the gastrointestinal tract with the liver are veins or
venules that do not drain directly into the heart, unlike what happens with most capillaries. This type
of vascular loop is termed the portal venous system.

The portal vein ranges in size from 5 to 8 cm in length. It is formed by the union (behind the neck
of the pancreas) of the superior mesenteric and splanchnic veins, which are the two major tributaries
of the portal vein. Anatomical variations include direct communication with the inferior mesenteric
vein. The hepatic portal vein also receives other tributaries such as the left gastric vein, the right
gastric vein, and the cystic veins. Before reaching the liver, the portal vein enters the free margin of
the lesser omentum at the porta hepatis. Then, it divides into right and left terminal branches that
further ramify into smaller vessels and subsequently into portal venules that delimit the functional
segments of the liver. The portal venules — together with the hepatic arterioles, common bile duct,
and lymphatic vessels — run in parallel and form the vascular component of the portal triad. This
structure irrigates and drains the hepatic cells through vascular extensions called sinusoids. Hepa-
tocytes exchange digestive end products, toxins, and metabolites with the sinusoidal blood, which is
finally collected by the hepatic vein and drained into the inferior vena cava (Fig. 1). Since the portal
vein carries mostly deoxygenated blood (pO, approximately 40 mmHg compared to 100 mmHg in
hepatic artery) and the diameter of the portal vasculature is larger than the hepatic artery in the portal
triad, we can infer that the sinusoids mainly contain poorly oxygenated blood (Pinzani and Vizzutti
2010; Geller et al. 2009; Shah and Kamath 2010).

High hepatic/portal vein compliance is another feature that characterizes the intrahepatic circu-
lation in normal livers. The liver and portal circulation constitutes a low resistance system capable of
accommodating a large blood volume without substantially altering the values of portal pressure. In
contrast, liver disease is associated with increased intrahepatic resistance to portal blood flow and
portal hypertension. To understand what variables contribute to these hemodynamic abnormalities,
classical equations of fluid mechanics are useful and have been extensively used over time. The
blood flow equation is: Q = AP/R, in which Q is the blood flow, AP the pressure gradient between
two points, and R the total vascular resistance. On solving this equation for AP (AP = Q x R,
which equals the Ohm’s law used in electric networks), we see that if Q or R increases, AP also does
so. R is directly proportional to blood viscosity (i) and the length (L) of the vasculature and is
inversely proportional to its radius to the fourth power (according to the Hagen-Poiseuille equation
R = 8 pL/nr”). Therefore, twice the length of the vasculature doubles R, while a decrease in the
radius of the vessel by half increases the resistance 16-fold. Despite the limitation that these
equations are only applicable to Newtonian liquids (blood is a non-Newtonian liquid), we still can
infer that both an increment in blood flow and an increment in intrahepatic vasoconstriction should
significantly affect portal pressure.
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Fig. 1 Hepatic sinusoid in normal and cirrhotic livers. In (a), a schematic sinusoid representation from a normal liver.
Hepatocytes exchange digestive end products, toxins, and metabolites with the sinusoidal blood. This vascular structure,
which is lined by fenestrated endothelial cells (LSEC), drains blood from the portal triad to the central vein. The
characteristic fenestrae of the LSECs contribute to the rapid transport of solutes across the subendothelial space. Kupffer
cells are found in the sinusoid while hepatic stellate cells are located in the subendothelial space, named the space of
Disse. Hepatic stellate cells (HSCs) store retinoids within perinuclear lipid droplets. In (b), as fibrosis develops, changes
occur within the subendothelial space and within the hepatic sinusoid. These changes include alterations in both cellular
morphology and extracellular matrix composition. Activated HSCs lose their retinoid reserve and become the primary
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Classification of Liver Diseases Associated with Portal Hypertension

Portal hypertension is defined as a clinical syndrome characterized by a pathological increase in the
hydrostatic pressure — over 6 mmHg — in the portal venous territory. This increase results from an
increment in the pressure gradient occurring between the portal vein and the inferior vena cava. The
gradients of 10 and 12 mmHg are considered cutoff values for the development of gastroesophageal
varices and variceal bleeding, respectively. These complications account for the high morbidity and
mortality associated with portal hypertension, and therefore, a gradient of 10 mmHg or higher is
considered as clinically significant portal hypertension (Bosch et al. 2009; De Franchis 2010).

Although portal pressure may be measured directly in patients, the invasiveness and difficulty of
this approach make this measurement inappropriate in the clinical setting. The gold standard for the
measurement of portal pressure and the parameter most commonly used is the hepatic venous
pressure gradient (HVPG). This parameter is the difference between the wedged (WHVP) and the
free hepatic venous pressures (FHVP). The WHVP is obtained through the placement of a wedged
catheter into the hepatic vein, which transmits the pressure from the hepatic sinusoids to the catheter.
The values obtained by WHVP are slightly lower than direct portal pressure measurement although
this difference is clinically insignificant. Thus, the HVPG provides an accurate estimation of portal
pressure (Myers and Taylor 1956; Groszmann and Wongcharatrawee 2004; Bosch et al. 2009).
Recently, other noninvasive methods such as transient elastography or magnetic resonance have
been used to evaluate portal hypertension (Castera et al. 2012). These noninvasive tools have
demonstrated to be useful in patient screening and stratification. However, the inaccuracy of these
tools in obese patients or those with ascites and the need for adequate operator training prevent the
use of these alternative strategies in daily clinical practice.

Besides its clinical value, the measurement of WHVP, FHVP, and HVPG is useful in the
differential diagnosis of portal hypertension syndromes. Taking the liver as a spatial reference,
resistance to portal flow may occur in the following locations: pre-hepatic, intrahepatic, or post-
hepatic areas. Intrahepatic resistance is also subclassified in pre-sinusoidal, sinusoidal, and post-
sinusoidal sites. This classification has diagnostic relevance. For example, WHVP values are normal
when the resistance to portal blood flow is pre-hepatic or pre-sinusoidal. By contrast, WHVP values
exceed the reference values when the increased resistance is mainly intrahepatic (specifically,
sinusoidal and/or post-sinusoidal) or post-hepatic. Moreover, high levels of FHVP allow differential
diagnosis of post-hepatic portal hypertensive syndromes. Some liver diseases present more than one
zone of resistance to blood flow. In these cases, the HVPG measurement would tend to identify the
predominant localization to blood resistance. Alcoholic cirrhosis illustrates this heterogeneity since
the resistance to portal blood flow in these patients is predominantly sinusoidal, but vascular
remodeling of the portal and hepatic vein also contributes to the overall resistance
(Wongcharatrawee and Groszmann 2000; Groszmann and Wongcharatrawee 2004). Figure 2
shows the most prevalent causes of portal hypertension classified according to the localization of
the resistance to portal blood flow.

Alternatively, portal hypertensive syndromes may be classified according to the presence or
absence of cirrhosis. Within the categorization of non-cirrhotic portal hypertension, we may find

A
Y

Fig. 1 (continued) source of extracellular matrix. They may also participate in sinusoidal contraction. In addition, there
is a loss of hepatocyte microvilli and endothelial fenestrae. Transport across the sinusoidal wall is hence reduced, leading
to deterioration of hepatic function. Activation of Kupffer cells accompanies liver injury and contributes to HSC
activation
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Fig. 2 Most prevalent causes of portal hypertension classified according to the localization of the resistance to portal
blood flow. WHVP wedged hepatic venous pressure, FHVP free hepatic venous pressure

a group of diseases of varied etiology with a pre-hepatic, intrahepatic, or post-hepatic origin of
increased resistance to venous blood flow. The diseases most commonly encountered in this group
are idiopathic portal hypertension, extrahepatic portal vein thrombosis and schistosomiasis. Idio-
pathic portal hypertension is a result of various degrees of portal venous injury, which predomi-
nantly manifest in the pre-sinusoidal region. Idiopathic portal hypertension is more common in
developing countries, where it accounts for 15-25 % of all causes of portal hypertension, and in
Japan where the prevalence reaches up to 30 % (Sarin et al. 2007). The etiology of idiopathic portal
hypertension is unclear in most of patients. However, several pathological mechanisms have been
identified in a minority of affected patients. These mechanisms include umbilical/portal pyemia,
repeated bacterial infections during infancy, prothrombotic states, exposure to chemicals such as
arsenic or vinyl chloride, and hypervitaminosis A (Boyer et al. 1967; Datta et al. 1979; Ludwig
et al. 1993). Current animal models of idiopathic portal hypertension are able to reproduce some of
the pathophysiological features of this disease. For instance, repeated low doses of heat-killed E. coli
result in persistently elevated portal pressure and splenomegaly (Omanwar et al. 2004). Extrahepatic
portal vein thrombosis has a pre-hepatic/pre-sinusoidal origin caused by portal vein obstruction
occurring as a consequence of thrombosis, constriction, or invasion of the portal vein. In this clinical
condition, portal hypertension is also associated with splenomegaly, portosystemic collaterals, and
gastroesophageal varices. The liver is usually normofunctional, and as a result, portal vein throm-
bosis is usually asymptomatic until the appearance of an episode of variceal bleeding. The etiology
of portal vein thrombosis is diverse and includes: a hypercoagulable state (protein C, antithrombin,
or protein S deficiency), hematologic disorders (polycythemia vera or other myeloproliferative
disorders), inflammation (diverticulitis, pylephlebitis, inflammatory bowel disease, pancreatitis),
sepsis (umbilical vein sepsis, which is the main cause of portal vein thrombosis in children), trauma
(splenectomy, abdominal trauma, and surgery), cirrhosis, or malignancy. Multiple etiopathogenic
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factors may be present in nearly 40-50 % of the patients, although a previous prothrombotic state
mainly contributes to the increase in the risk of developing this complication among these patients
(Sarin and Wadhawan 2005; Shah and Kamath 2010). The underlying etiology in both idiopathic
portal hypertension and extrahepatic portal vein thrombosis is considered to be vascular in origin. In
the case of schistosomiasis, the underlying cause of the disease is a parasitic infection triggered by
several species of trematodes belonging to the genus Schistosoma. Schistosomiasis is one of the
most common causes of non-cirrhotic portal hypertension worldwide. According to data from the
World Health Organization, the number of patients reported to have been treated for this disease was
28.1 million in 2011. The pathogenesis of schistosomiasis-associated portal hypertension is a
pre-sinusoidal obstruction caused by deposition of the eggs of the parasite worms into the
pre-sinusoidal portal venules. Trapped eggs secrete antigens that elicit a strong immune response
resulting in granulomatous inflammation, pre-sinusoidal and periportal fibrosis, and progressive
obstruction of portal blood flow. In these patients, portal hypertension may also be associated with
portal vein thrombosis (Dunn and Kamel 1981; Ross et al. 2002). Murine models of this disease do
exist and develop hepatic granulomatous inflammation with a cellular composition and dynamics
similar to what is observed in patients (Stavitsky 2004).

Cirrhotic portal hypertension is the categorization most commonly associated with increased
resistance to portal blood flow. The prevalence of cirrhosis worldwide remains unknown since
patients with compensated cirrhosis present few or no symptoms. However, some authors have
estimated that up to 1 % of the population may present liver cirrhosis (Schuppan and Afdhal 2008).
Cirrhosis can be defined as a complex pathophysiological process of the liver that involves
progressive destruction and pathological regeneration of the liver characterized by the accumulation
of extracellular matrix, mainly collagen I and III. As a result, normofunctional hepatic parenchyma
is replaced by fibrotic scars and increased resistance to blood flow. In addition to fibrosis, cirrhotic
patients develop other complications that adversely affect the morbidity and mortality such as
ascites, spontaneous bacterial peritonitis, hepatorenal syndrome, esophageal variceal bleeding,
and hepatic encephalopathy (Moore et al. 2003; Gines et al. 2004). A wide range of diseases and
conditions can lead to cirrhosis. Viral hepatitis — by the hepatitis B or C viruses — and alcohol are
considered the two most important etiologies of cirrhosis in the Western world, although
nonalcoholic steatohepatitis (NASH) is also increasingly being recognized as a common cause.
NASH is associated with diabetes, obesity, and metabolic syndrome and is characterized by
a significant hepatic inflammatory response with concurrent fat accumulation in the liver (Farrell
and Larter 2006; Larter et al. 2010). In all these diseases, the localization of the increased resistance
to portal blood flow is predominantly sinusoidal. Primary biliary cirrhosis and autoimmune hepatitis
are also liver diseases that have in origin an exacerbated response of the immune system. The
augmented immune response in primary biliary cirrhosis causes chronic inflammation and
a progressive destruction of the small intrahepatic bile ducts (Charatcharoenwitthaya and Lindor
2005). In this disease, portal hypertension is predominantly pre-sinusoidal and may precede
cirrhosis. The mechanism that triggers inflammation is also unknown in autoimmune hepatitis.
However, it has been shown that activation of CD4 " helper T cells triggers the initial pathogenic
steps needed for the development of autoimmune hepatitis (Longhi et al. 2006). Other less common
causes of cirrhotic portal hypertension are sclerosing cholangitis, biliary atresia, prolonged exposure
to drugs and toxins, as well as inherited genetic disorders (i.e., hemochromatosis and Wilson’s
disease). Several experimental models of cirrhotic portal hypertension in mice and rats have been
generated. Among these, common bile duct ligation and carbon tetrachloride administration are the
most extensively used (Jimenez et al. 1992; Iredale 2007). Both models present cirrhosis and portal
hypertension and are excellent tools to study intrahepatic alterations. Partial portal vein ligation in
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animal models, mainly in rats, has been used as another strategy to study portal hypertension in the
absence of hepatic alterations (Groszmann et al. 1982b). This model is particularly useful in the
study of increased pre-hepatic resistance to portal blood flow.

Pathogenesis of Portal Hypertension in Cirrhosis

The therapeutic approaches for cirrhotic patients are limited to liver transplantation. However,
chronic graft rejection, the imbalance between the demand and the availability of organs, and
lifelong side effects of immunosuppression encourage the development of new therapeutic strategies
aimed at improving the treatment of cirrhosis. Therefore, the main goal of both experimental and
clinical research has been to understand the pathogenesis of portal hypertension in cirrhosis. Despite
the progress made in this field to date, our knowledge of the pathogenesis of portal hypertension is
still incomplete. However, nowadays it is now well recognized that most of the diseases causing
cirrhotic portal hypertension share common pathological features that can be summarized as
follows: (1) the initial step needed for the development of fibrosis and portal hypertension is
a sustained and exacerbated hepatic inflammatory response caused by parenchymal injury, (2) an
increment in both intrahepatic resistance and splanchnic blood flow causes an increase in portal
pressure (see section “Classification of Liver Diseases Associated with Portal Hypertension™),
(3) impaired production of vascular mediators contributes to hemodynamic abnormalities in the
sinusoidal and in the splanchnic vasculature, and (4) the loss of normal tissue architecture in the liver
and splanchnic areas contributes to portal hypertension. In this section, we will describe the dynamic
and anatomical mechanisms responsible for the aforementioned pathological features.

Inflammation

Hepatocellular damage triggers an inflammatory response that favors the hepatocellular repair.
However, exacerbated and/or persistent inflammatory responses cause tissue damage and eventually
lead to liver fibrosis and portal hypertension. In physiological conditions, inflammation involves an
activation of many molecular pathways and cellular crosstalk at the site of the injury that result in the
following well-known symptoms: increased blood flow, increased vascular permeability, and
leukocytes infiltration. This immunological response, namely, acute inflammatory response, is
usually of short duration, is localized, has a rapid onset, and is primarily mediated by neutrophils,
basophils, eosinophils, and mononuclear cells. On the other hand, if the inflammatory condition
persists and is not resolved within a short time, as in many diseases leading to cirrhosis, the
inflammation becomes chronic (Serhan and Savill 2005; Brenner et al. 2013). Anatomically, chronic
inflammation is characterized by the replacement of damaged tissue by fibrous connective tissue and
a change in the organ angioarchitecture with the occurrence of pathological angiogenesis and
lymphangiogenesis (Halin and Detmar 2008). All these changes are associated with a loss of
tissue/organ functionality. As opposed to acute inflammation, chronic inflammation is primarily
mediated by mononuclear cells (monocytes/macrophages, lymphocytes) and myofibroblast-like cell
activation.

To understand the association between inflammation and hepatic fibrosis, researchers have
generated experimental models of liver fibrosis with impaired leukocyte activity. Macrophage
depletion with gadolinium chloride (Ide et al. 2005) or adenoviral transduction of the liver with
a dominant negative mutant form of MCP-1 (Imamura et al. 2005) significantly decreased fibrosis,
inflammatory infiltrate, and hepatic stellate cell (HSC) activation in rats treated chronically with
thioacetamide or dimethylnitrosamine, respectively. Macrophages are also involved in the recovery

Page 8 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

phase of the inflammatory process occurring in liver disease. As demonstrated in an experimental
model of reversible liver injury, depletion of macrophages in fibrotic mice was associated with lower
levels of both fibrosis and myofibroblast-like cell activation. By contrast, macrophage depletion
during recovery led to a failure in matrix degradation. These results were obtained in transgenic mice
expressing a selective conditional ablation system for macrophages (Duffield et al. 2005). This
experimental strategy does not allow discerning between different subpopulations of macrophages,
which may be activated during the hepatic inflammatory process. For instance, Kupffer cells are also
targeted by this methodological approach. These cells are a large population of resident tissue
macrophages that are located in the sinusoidal lumen and in close contact with the endothelial cells.
Additionally, Kupffer cells may also physically interact with hepatocytes after migration through the
space of Disse (Gressner and Bachem 1994). It is known that certain stimuli such as obesity,
alcoholic intake, drugs, or xenobiotics consumption induce the activation of these cells. After
activation, Kupffer cells release significant levels of cytokines (e.g., IL-1, IL-6, IL-10, TNF-a),
ROS, and eicosanoids. These molecular mediators, together with the secretion of lysosomal
enzymes, favor exacerbation of inflammation and tissue injury (Decker 1990; Winwood and Arthur
1993).

Natural killer (NK) cells also play a major role in liver injury. The local lymphocyte population in
the liver is enriched in NK cells. These cells are activated during viral infection and target virus-
infected hepatocytes promoting either apoptosis or osmotic cell lysis (Ahmad and Alvarez 2004). In
addition, NK cells produce IFN-y, among other cytokines, which activate the expression of CXCL9
in hepatocytes and LSECs. Subsequently, CXCL9 induces recruitment of virus-specific T cells
(Crispe 2003). The role of NK cell activation in the regulation of fibrosis has also been demonstrated
in experimental models of cirrhosis induced by diethylnitrosamine or CCly treatment. In this setting,
NK cell activation by polyinosinic-polycytidylic acid (a toll-like receptor 3 ligand) induces HSC cell
death and attenuates the severity of liver fibrosis in mice (Radaeva et al. 2006).

Concerning the role of the adaptative immune response in hepatic fibrogenesis, Novobrantseva
et al. studied fibrotic mice deficient in B and T cells (RAG2*/ 7), CD4" T cells, CD8" T cells, and
gamma-delta T cells. Among these experimental conditions, only RAG2 ™'~ mice showed reduced
levels of hepatic collagen deposition. These authors also demonstrated that B cells mediate
antibody-independent stimulation of liver fibrosis (Novobrantseva et al. 2005). These results are
in agreement with studies demonstrating that hepatic damage induced by CCl, is lower in
splenectomized rats (Chen et al. 1998). In contrast to the significant role played by macrophages,
NK cells, and B cells, neutrophil depletion in BDL cirrhotic animals has no impact on hepatic
fibrogenesis (Saito et al. 2003).

The cellular mediators of acute and chronic inflammation substantially differ, being the vasoac-
tive amines and eicosanoids characteristic of acute response and IFN-y, TNF-a, IL-6, IL1-f, growth
factors, radical oxygen species (ROS), and proteases characteristic of the chronic response (Serhan
and Savill 2005). Among these mediators, TNF-o, ROS, and eicosanoids are among the factors most
studied in chronic liver diseases.

TNF-a is a primary mediator of inflammation in the liver and it is mainly produced by Kupffer
cells in pathological conditions (Brenner et al. 2013). TNF-a exerts its mechanism of action through
receptor-mediated signal transduction, targeting either TNFR1 or TNFR2. TNFRI1 is expressed
constitutively by all cell types while TNFR2 is predominantly expressed in activated immune cells
(Pennica et al. 1984). In hepatocytes, TNF-a may induce either cell survival (through NF-kB or
MAPK activation) or cell death (through caspase, the mitochondrial death pathway, RIP1, or RIP3
activation) (Yamada et al. 1998; Bradham et al. 1998). In experimental models, TNFR1 and TNFR2
gene deficiency is associated with resistance to alcohol-mediated fatty liver and hepatocyte cell
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death. In this context, alcohol feeding, a condition characterized by low levels of mitochondrial
glutathione (GSH), and pharmacological depletion of mGSH sensitize hepatocytes to
TNF-a-induced cell death (Colell et al. 1998; Simeonova et al. 2001).

ROS are other major cellular mediators involved in cell signaling and cell function. However, an
imbalance between ROS production and intracellular ROS neutralization may affect cellular
integrity. When ROS levels exceed cellular antioxidant defenses, oxidative damage develops and
this is translated into DNA genotoxicity, protein oxidation and fragmentation, and lipid peroxida-
tion. The presence of oxidative stress has been described in most of the clinical (NASH, HCV,
alcoholic liver cirrhosis, hemochromatosis, Wilson’s disease, primary biliary cirrhosis, and chole-
stasis) and experimental conditions (cirrhosis induced by CCly, chronic ethanol administration, and
bile duct ligation) associated with fibrosis and portal hypertension. In this pathological context, the
association between high levels of oxidative stress and a reduction of antioxidant defenses, such as
superoxide dismutase and catalase, is also present. ROS is a term that encompasses various oxygen
species such as superoxide (O, ), hydrogen peroxide (H,O,), hypochlorous acid (HOCI), and
hydroxyl radicals (OH). The hepatic sources of ROS are diverse and include the leakage of activated
oxygen from mitochondria with structural and functional abnormalities, xanthine oxidase, NADPH
oxidases, and cytochromes P450 monooxygenases. Among these sources of ROS, NADPH oxi-
dases and SOD are promising candidates to develop new therapies (Poli and Parola 1997; Parola and
Robino 2001; De Minicis and Brenner 2007). Transduction of cirrhotic rats with adenovirus
encoding for SOD, a critical enzyme that metabolizes ‘O, , resulted in a marked reduction
in ‘O, levels and portal pressure (Lavina et al. 2009). The other target, NADPH oxidase, is present
in HSCs (named the non-phagocytic NADPH) and in Kupffer cells (named the phagocytic
NADPH). Bataller et al. demonstrated that activated HSCs express NADPH oxidase and generate
ROS in an angiotensin [I-dependent way. The link between NADPH oxidase activity and fibrosis
was further demonstrated in vivo in mice lacking a functional NADPH oxidase. These animals were
resistant to liver fibrosis after bile duct ligation. In addition, p47phox deficiency (a regulatory
subunit of NADPH oxidase) in Kupffer cells generated resistance to liver injury induced by ethanol
and diminished the levels of TNF-a (Bataller et al. 2003). These results show that oxidative stress is
an important mediator of inflammatory response following ethanol treatment.

Prostanoids and leukotrienes are a structurally heterogeneous group of lipids that also play
a major role in inflammation. Prostanoids are generated by the cyclooxygenase
isoenzymes — COX1 and COX2 — through the oxidation of arachidonic acid and the production of
prostaglandin H2, which is the precursor of prostaglandins and thromboxanes. COX1 is constitu-
tively expressed in many tissues and is associated with beneficial and cytoprotective effects in the
stomach, kidney, and blood vessels. In contrast, COX2 is mostly induced in tissues that are going
through an inflammatory process (Crofford 1997; Ricciotti and FitzGerald 2011). COX2 is usually
absent in healthy liver but is robustly expressed in the liver in response to endotoxemia, ischemia
reperfusion, bile duct ligation, and alcoholic cirrhosis (Suzuki-Yamamoto et al. 1999). Among the
prostanoids, thromboxane-2 is one of the most studied in liver disease. Thromboxane-2 stimulates
inflammation and leukocyte adhesion in hepatic sinusoids. The treatment of rats with thromboxane
inhibitors attenuates these pathological changes occurring during the induction of liver disease. In
addition, transgenic expression of COX2 in hepatocytes enhances pD-galactosamine-/LPS-induced
liver failure (Ricciotti and FitzGerald 2011). Despite this evidence, the therapeutic utility of COX2
inhibition in liver disease is not yet well established. For instance, genetic studies have demonstrated
that COX2 protects mice from hepatitis triggered by agonistic anti-FAS antibodies (Li et al. 2009).
Leukotrienes are also major products of arachidonic acid metabolism. The key enzymes participat-
ing in the conversion of arachidonic acid into leukotrienes are 5-lipoxygenase and 5-lipoxygenase-
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activating protein (FLAP). Leukotrienes are potent promoters of inflammation through the activa-
tion of nuclear factor-kB and the stimulation of cytokine/adipokine secretion (Samuelsson
et al. 1987). Several studies have shown that leukotrienes play a significant role during hepatic
inflammatory response. 5-Lipoxygenase deficiency in mice decreases steatosis, inflammation, and
fibrosis in an Apo E~~ genetic background and in CCly-treated mice (Martinez-Clemente
et al. 2010a). Accordingly, pharmacological inhibitors for FLAP reduce CCly-induced liver injury
and inflammatory infiltrate in experimental models of nonalcoholic steatohepatitis (NASH) and
nonalcoholic fatty liver disease (NAFLD) (Titos et al. 2005, 2010). Some investigators have
proposed a similar role for the 12/15-lipoxygenase pathway in NAFLD (Martinez-Clemente
et al. 2010Db).

Impaired Production of Vascular Mediators

As mentioned previously, the increase in both the intrahepatic resistance and portal blood flow are
the hemodynamic disturbances that cause portal hypertension. The current pharmacological thera-
pies available for the prophylaxis and treatment of variceal bleeding target these two components
(Table 1; De Franchis 2010; Bari and Garcia-Tsao 2012). For instance, increased portal blood flow is
treated with nonselective B-adrenergic drugs, somatostatin and vasopressin analogs, while the
treatment of patients with nitric oxide donors lowers intrahepatic resistance. The demonstrated
effectiveness of these drugs is consistent with the relevant role played by their targets in the
pathogenesis of portal hypertension. Below, we describe the factors and the pathological processes
targeted by these pharmacological treatments.

Table 1 Current pharmacological therapies for the prophylaxis and treatment of variceal bleeding

Therapy
stratification Clinical stages Therapeutic strategies
Pre-primary Cirrhotic patients without gastroesophageal varices No specific treatment for portal hypertension
prophylaxis Treatment of the underlying liver disease
may reduce portal hypertension
Primary Low-risk patients Small varices without red wale Nonselective B-blockers (optional)
prophylaxis signs or varices occurring in
child A or B patients
High-risk patients (a) Medium/large varices Nonselective B-blockers or EBL
(b) Patients with small varices Nonselective B-blockers
with red wale signs or child
C class
Management of Variceal hemorrhage Safe vasoactive drugs starting prior to
acute variceal diagnostic endoscopy (terlipressin,
hemorrhage somatostatin, octreotide, vapreotide) and
emergency endoscopy therapy at the time of
initial diagnostic
Secondary Patients who survive (a) Patients who had a TIPS ~ Not require specific therapy for portal
prophylaxis an episode of performed during the acute hypertension or varices

variceal hemorrhage episode

(b) Patients who do not have = The combination of nonselective
a TIPS performed during the  B-blockers 4 isosorbide-5-mononitrate and
acute episode EBL

EBL endoscopic band ligation
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Catecholamines

Catecholamines such as adrenaline and noradrenaline regulate major and diverse physiological
functions through their G-protein-coupled adrenergic receptors o and B. Specifically, noradrenaline
can function as a major neurotransmitter in the peripheral sympathetic nervous system, a stress
hormone that increases the heart rate through 1 adrenergic receptor activation, and
a vasoconstrictor hormone that targets smooth muscle cells through o adrenergic receptor activation.
Noradrenaline can also induce splanchnic vasodilation through the activation of the B2 adrenergic
receptor (Eisenhofer et al. 2004). This diversity of effects is used as therapeutic strategy for the
treatment of patients with clinically significant portal hypertension. This idea was first proposed in
1981 by Lebrec for the prevention of variceal rebleeding and has, since then, become the core of
pharmacotherapy in portal hypertension (Lebrec et al. 1981). The effectiveness of this treatment lies
in the fact that nonselective B-blockers decrease cardiac output via blockade of B1 adrenergic
receptors, which are more abundant in the heart and kidney, and constricts the splanchnic vascula-
ture via blockade of B2 adrenergic receptors, which are more abundant in the digestive track. In
addition, cirrhotic patients with portal hypertension exhibit high levels of noradrenaline in blood,
which is a reflection of the sympathetic nervous system activation characteristic of this disease
(Ruiz-del-Arbol et al. 2005).

An interesting question that illustrates the complexity of the hemodynamic disturbances in portal
hypertensive patients is that the magnitude of the activation of the sympathetic nervous system in
cirrhotic patients differs according to the vascular territory. For instance, nonselective B-blocker
treatment in patients with portal hypertension results in a significant and highly reproducible partial
reversion of the circulatory hyperdynamic state. These changes are dose dependent and are signif-
icantly associated with the effective dose of the drug in the blood. However, nonselective 3-blocker
treatment has a much more variable effect on portal pressure, which usually is close to 15 % and is
hardly dose dependent (Garcia-Tsao 2001). Therefore, hepatic perfusion is minimally affected by
nonselective B-blocker treatment. This fact underscores the contribution of hepato-vascular struc-
tural changes, which are unaffected by the conventional pharmacological treatment, to the overall
increase in intrahepatic resistance. Another factor that may contribute to the heterogeneous effec-
tiveness of nonselective B-blockers is the reorganization of sympathetic nerve distribution. Several
studies have shown the occurrence of this phenomenon in cirrhotic patients and in experimental
models of portal hypertension. In cirrhotic livers, the number of sympathetic nerve fibers increases
in portal areas and fibrous septa. By contrast, the innervation in regenerative nodules is negligible
(Stoyanova and Gulubova 2000; Martell et al. 2010). In addition, portal hypertensive rats show
a remarkable regression of sympathetic innervation in the mesenteric vascular bed. The blockade of
sensory afferent nerves in portal hypertensive rats prevents both regression of sympathetic inner-
vation and hemodynamic alterations (Coll et al. 2010). These observations reveal the significant role
of the sympathetic nervous system on splanchnic arterial vasodilation.

Vasopressin

Vasopressin (AVP) is a hormone that plays a pathological role in portal hypertension. This neuro-
hypophysial hormone is released in response to changes in both blood pressure and plasma
osmolality and regulates water retention and vasoconstriction of blood vessels. These biological
effects are mediated by its specific receptors V2 and V1A, respectively. The V1A receptor is
located in vascular smooth muscle cells and cardiomyocytes. This receptor modulates vessel
vasoconstriction and myocardial function through phospholipase C activation and intracellular
calcium mobilization. V2 receptors are distributed on renal collecting duct cells and mediate the
well-known antidiuretic effects of AVP through the modulation of intracellular levels of cAMP
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(Holmes et al. 2003, 2004). Several clinical and preclinical studies have shown that vasopressin is
a potent splanchnic vasoconstrictor that reduces portal pressure by decreasing portal and
portosystemic collateral blood flow and by lowering the cardiac index (Bosch et al. 1981, 1988).
In addition, in situ perfusion experiments in animal models of portal hypertension have shown that
vasopressin exerts a direct vasoconstrictive effect on the collateral vasculature (Chan et al. 1999).
Despite its effectiveness in decreasing portal pressure, vasopressin treatment is associated with
serious side effects, such as bowel necrosis and myocardial infarction. Furthermore, vasopressin has
a short half-life and can only be administered as a continuous intravenous infusion. Therefore, its use
is restricted to the management of acute variceal bleeding. All these contraindications of vasopressin
seem to be corrected, at least in part, by its semisynthetic analog terlipressin. Terlipressin is slowly
cleaved to vasopressin by endothelial peptidases, and treatment with this analog has shown similar
splanchnic and systemic hemodynamic effects in both experimental models of cirrhosis and cirrhotic
patients (Lebrec et al. 1993; Escorsell etal. 1997,2000; D’ Amico et al. 1999). Moreover, terlipressin
treatment presents a better biosecurity profile than vasopressin treatment and is, consequently,
preferred over vasopressin.

Somatostatin

Somatostatin is a peptide hormone that regulates endocrine systems through its five somatostatin
G-protein-coupled receptors, SSTR1 to SSTRS. Somatostatin and its counterpart octreotide sup-
press the release of the gastrointestinal hormones — insulin and glucagon — and reduce blood flow
within the intestine (Ruscica et al. 2013). In 1981 Bosch et al. demonstrated that continuous infusion
of somatostatin to cirrhotic patients reduced both wedged hepatic venous pressure and estimated
hepatic blood flow (Bosch et al. 1981). Currently, both somatostatin and octreotide are employed in
cirrhotic patients to stop active bleeding by gastroesophageal varices (De Franchis 2010). This
treatment effectively reduces the splanchnic blood flow and portal pressure. Several lines of
evidence suggest that the beneficial effect of somatostatin/octreotide is partially mediated by the
inhibition of glucagon release: First, postprandial hyperemia, mediated by vasoactive peptides such
as glucagon, aggravates portal hypertension (Albillos et al. 1994). Second, glucagon abolishes the
hemodynamic benefits of somatostatin treatment (Pizcueta et al. 1991). However, the rapid onset of
effects of somatostatin in cirrhotic patients cannot be exclusively explained by changes on glucagon
release, which is a slow response. For instance, cirrhotic patients exhibit a significant decrease in
variceal and portal pressure after 2 min of acute treatment with somatostatin. Therefore, it is
expected that somatostatin/octreotide may directly affect the splanchnic or the liver vasculature.
In agreement with this hypothesis, studies in portal hypertensive rats show that both somatostatin
and octreotide enhance the vasoactive properties of other vasoconstrictors such as endothelin-1 in
portosystemic collaterals (Reynaert and Geerts 2003).

Nitric Oxide

A pioneering study published by Grosmann et al. in 1982 demonstrated the concept that
co-treatment with vasodilators (nitroglycerine) and splanchnic vasoconstrictors (vasopressin)
causes a further reduction in the wedged hepatic venous pressure in cirrhotic patients and in portal
hypertensive dogs. This co-treatment did not modify portal blood flow, suggesting that nitroglyc-
erine mainly affects intrahepatic resistance (Groszmann et al. 1982a). Accordingly, cirrhotic patients
co-treated with isosorbide mononitrate and nonselective B-blocker exhibited lower portal pressure
values than those treated with a nonselective B-blocker alone (Groszmann et al. 1982a; Albillos
et al. 1998). Both nitroglycerine and isosorbide mononitrate are nitric oxide (-NO) donors and the
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lesson that can be learned from these drugs is that -NO plays a relevant role in the pathogenesis of
intrahepatic resistance to portal blood flow.

Nitric oxide is a gaseous signaling molecule with radical chemistry properties. This characteristic
confers to ‘NO the potential to interact in cells with thiols, heme-containing proteins, and other
species with unpaired electrons such as ‘O, . In the context of blood vessel reactivity, the best-
known target of -NO is the soluble guanylate cyclase (sGC). The interaction between -NO and the
heme group of sGC activates the generation of 3’,5'-cyclic monophosphate (cGMP) levels that
ultimately signal relaxation (Ignarro et al. 1986). Nitric oxide is endogenously produced by the nitric
oxide synthase (NOS) isoforms which catalyze the conversion of L-arginine and oxygen into
citrulline and -NO. Three isoforms of NOS have been identified: neuronal NOS (nNOS) (Bredt
etal. 1991), inducible NOS (iNOS) (Lowenstein et al. 1992; Lyons et al. 1992), and endothelial NOS
(eNOS) (Lamas et al. 1992; Sessa et al. 1992). eNOS expression and -NO production in endothelial
cells are important regulatory mechanisms to maintain vascular tone and to inhibit leukocyte and
platelet adherence (Fleming and Busse 2003). The relevance of eNOS in the control of vascular
homeostasis is evidenced by the fact that eNOS gene disruption in mice results in a hypertensive
phenotype, smooth muscle cell hyperplasia in response to vascular injury, and poor response to
angiogenic stimuli (Vallance and Leiper 2002).

Nowadays, there is an agreement that -NO has a pathological role in liver disease and contributes
to both splanchnic vasodilation and increased hepatic resistance. In the context of splanchnic
hemodynamics, studies in animal models of portal hypertension and cirrhosis show that mesenteric
overproduction of -NO significantly contributes to splanchnic vasodilation, splanchnic hyperemia,
and increased portal venous blood flow. For instance, cirrhotic rats show higher pressor responsive-
ness to increasing doses of NOS inhibitors than control rats (Claria et al. 1992). NOS inhibition
restores the pressor effect of vasoconstrictors in the splanchnic vasculature of cirrhotic rats with
ascites (Sieber et al. 1993). Accordingly, the normalization of -NO production in cirrhotic rats by the
administration of low doses of L-N%-nitroarginine methyl ester (L-NAME) improves systemic
hemodynamics (Niederberger et al. 1995, 1996). Similar evidence has also been found in mesenteric
preparations of portal hypertensive rats (Sieber and Groszmann 1992) and other experimental
models of portal hypertension (Lee et al. 1992; Hartleb et al. 1994).

The molecular mechanism responsible for the -NO overproduction in cirrhotic portal hyperten-
sion has also been intensively investigated. Several studies have observed an increased protein
abundance of eNOS and enhanced eNOS activity in arterial vessels of cirrhotic, PVL, and BLD rats
compared to control animals (Cabhill et al. 1995, 1996; Martin et al. 1996; Morales-Ruiz et al. 1996;
Heller et al. 1999; Liu et al. 1999; Stumm et al. 2002). In addition, Theodorakis et al. demonstrated
that deletion of the eNOS, rather than the iNOS, gene preferentially protects partial portal vein-
ligated rats from portal hypertension (Theodorakis et al. 2003). However, these data were not
confirmed by Iwakiri and colleagues who found that partial portal vein-ligated rats maintain their
hyperkinetic circulation despite the double deficiency of both the eNOS and iNOS genes (Iwakiri
et al. 2002). These results suggest that other compensatory mechanisms may take place in the
scenario of dual eNOS and iINOS deficiency. The molecular mechanisms that mediate eNOS
overexpression and enhanced eNOS activity in extrahepatic areas are complex, with some of the
potential mechanisms being: increased shear stress, HSP90, altered intracellular eNOS localization,
TNF-a, and VEGF. Both TNF-a and VEGF are significantly overexpressed in inflammatory
conditions and in response to bacterial infection. In this context, selective intestinal decontamination
with norfloxacin partially corrects the hyperdynamic syndrome of cirrhotic patients, suggesting
a role of bacterial translocation in eNOS overexpression and activation. As in the animal models,
cirrthotic patients show an overproduction of -NO in different territories such as the systemic
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vasculature (Guarner et al. 1993; Albillos et al. 1995), the portal vein (Battista et al. 1997; Sarela
et al. 1999; Albornoz et al. 2001), the hepatic vein (Battista et al. 1997), and exhaled breath
(Matsumoto et al. 1995; Sogni et al. 1995). Moreover, -NO inhibition treatment in cirrhotic patients
corrects arterial hyporesponsiveness to vasoconstrictors and improves the hyperdynamic circulation
(Campillo et al. 1995; La Villa et al. 2001; Thiesson et al. 2003).

Nitric oxide is an important regulator of hepatic vascular tone (Mittal et al. 1994; Bauer
et al. 1997; Shah et al. 1997; Zhang et al. 1997). Therefore, changes in the hepatic activity of
eNOS can lead to an abnormal increase in the resistance to portal blood flow. In the context of
cirrhotic portal hypertension, it is of note that there is an overproduction of -NO in the splanchnic
vascular beds, and by contrast, the intrahepatic production of -NO is diminished. Many authors have
described this impaired -NO production in cirrhotic livers. These studies show that the hepatic
deficiency of -NO affects the response to vasodilators and contributes to a generalized hepatic
vasoconstriction. For instance, -NO production and eNOS protein activity are decreased in perfused
cirrhotic livers from CCly,-treated rats and in isolated endothelial cells from both CCl,-treated rats
and BDL rats (Gupta et al. 1998; Rockey and Chung 1998). Additionally, Sarela et al. showed that
the activity of intrahepatic calcium-dependent NOS was lower in cirrhotic patients compared with
non-cirrhotic subjects (Sarela et al. 1999). The impaired production of NOS in livers from cirrhotic
rats occurs independent of changes in gene expression, which suggest a posttranslational control of
eNOS activity (Rockey and Chung 1998). Some studies have revealed diverse molecular mecha-
nisms that contribute to explain this phenomenon. One of these mechanisms is the overexpression of
caveolin-1 in cirrhotic livers. Enhanced expression and interaction of caveolin-1 with eNOS reduced
NOS activity in livers from CCly-treated and BDL rats (Shah et al. 1999, 2001; Hendrickson
et al. 2003). Similar to these findings, Yokomory and colleagues demonstrated that liver specimens
from cirrhotic patients show an overexpression of caveolin-1 (Yokomori et al. 2002). The link
between ROS and impaired -NO production has also been demonstrated in animal models and
cirrhotic patients. Antioxidant treatments effectively reverse the impaired intrahepatic production
of ‘NO (Ting et al. 1996; Jackson et al. 1998; Taddei et al. 1998; Hernandez-Guerra et al. 2006;
Karaa et al. 2006). The administration of ascorbic acid to cirrhotic patients corrects sinusoidal
endothelial cell dysfunction and attenuates the postprandial increase in portal blood resistance
(Hernandez-Guerra et al. 2006). Another strategy used to decrease hepatic oxidative stress in
cirrhotic rats is the overexpression of SOD by gene therapy. Transduction of cirrhotic livers with
SOD increases ‘NO bioavailability and reduces portal pressure (Lavina et al. 2009). SOD is an
enzyme that metabolizes -O, . In aqueous solutions, -NO highly interacts with ‘O, to produce
peroxynitrite (ONOO ™), which is more reactive than -NO and ‘O,  alone. As a result,"NO is
sequestered and inactivated. Besides decreasing the bioavailability of -NO, oxidative stress also
enhances eNOS/caveolin-1 interaction and impairs eNOS activation mediated by the endothelin
receptor type B (Karaa et al. 2006). Another factor leading to impaired eNOS activation in cirrhotic
livers is Akt activity. Akt is a kinase protein that phosphorylates eNOS on the consensus RxRxxS
motif present in its carboxy-terminal end. This specific phosphorylation activates eNOS and
enhances ‘NO production (Fulton et al. 1999). This impaired Akt activation in cirrhotic livers was
first described by Morales-Ruiz et al. (2003). In this study, the administration of an adenoviral vector
carrying a constitutively active mutant of Akt (myr-Akt) increased intrahepatic eNOS activation,
normalized portal pressure, decreased superior mesenteric blood flow, and ameliorated arterial
hypotension in cirrhotic rats. Several mechanisms seem to contribute to Akt impairment in cirrhotic
livers. For instance, one study demonstrated a direct interaction between GRK2, an inhibitor of
G-protein-coupled receptor signaling, and Akt uncoupled eNOS activation in experimental models
of liver injury. These authors also demonstrated that GRK2 heterozygotic gene deficiency reduces
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portal hypertension in bile duct-ligated mice (Liu et al. 2005). Other studies have associated Akt
impairment with Rho kinase, which is a downstream effector of Rho. In human endothelial cells,
Rho kinase activity blocks eNOS phosphorylation through inhibition of Akt (Ming et al. 2002). The
in vivo inhibition of Rho kinase leads to Akt activation and cardiovascular protection (Wolfrum
etal. 2004). In the context of liver injury, Rho kinase plays a major role in the contractile response of
activated HSC (lizuka et al. 2011). Furthermore, bile duct-ligated rats treated with
fasudil — a selective Rho kinase inhibitor — show increased hepatic Akt/eNOS interaction and
activation (Anegawa et al. 2008). Besides the mechanisms described above, other treatments
capable of activating Akt, such as estrogen (Sakamoto et al. 2005) and simvastatin (Zafra
et al. 2004), reduce portal pressure in both cirrhotic rats and patients. From the preceding discussion,
it can be predicted that pharmacological activation of Akt may represent a promising strategy for the
treatment of cirrhosis and portal hypertension.

Some pharmacological and gene therapy approaches have been designed to specifically
deliver ‘NO to the liver. These new therapies include the use of liver-targeted -NO donors, such
as the ‘NO-releasing derivative of ursodeoxycholic acid NCX-1000 (Fiorucci et al. 2001), and the
hepatic gene transfer of nNOS (Yu et al. 2000) and eNOS (Van de Casteele et al. 2002). Although all
these methods have successfully reduced portal pressure in cirrhotic animals, their utility in the
clinical setting is still unclear. For example, NCX-1000 is ineffective in lowering the HVPG in
cirrhotic patients.

Vasoactive Factors That Have Not Yet Been Translated to Clinical Treatment

Several studies in rodents and patients have demonstrated that other vasoactive factors also
contribute to the increase in the intrahepatic resistance. The most frequently studied factors are:
carbon monoxide, endothelin, thromboxane, leukotrienes, angiotensin, apelin, and cannabinoids.
Despite their therapeutic potential, so far none of these targets has been translated to clinical
treatment and their use in patients is currently off-label. In this section, we will only describe the
role of angiotensin, cannabinoids, and apelin as the other factors have been widely discussed in other
reviews.

The vasoconstrictor angiotensin is one of the best characterized in liver dysfunction and signif-
icantly contributes to the dynamic component of intrahepatic resistance. The renin-angiotensin-
aldosterone axis (RAS) plays a major role in both the regulation of blood pressure and water fluid
balance through the vasoconstrictor angiotensin II and the mineralocorticoid aldosterone, respec-
tively. RAS also plays a relevant role in wound healing of chronically injured tissues, inflammation,
and fibrogenesis. The functionality of the RAS system depends on the presence of the angiotensin
converting enzyme (ACE), angiotensin II, and the angiotensin II type receptor (AT1R). This
pathway is named the classical axis (Zhuo et al. 2013). Most components of the classical pathway
are expressed in the liver and are markedly upregulated in liver disease. For instance, HSCs express
the ATIR and contract after stimulation with angiotensin II. In addition, angiotensin I gene
expression is augmented in the cirrhotic liver (Herath et al. 2013). These results, together with the
observation that pharmacological inhibition of the RAS improves fibrosis, have led to the clinical
use of RAS inhibitors for the treatment of cirrhotic portal hypertension. Several clinical trials have
evaluated the usefulness of ACE and ATIR inhibitors. The conclusion of a meta-analysis that
considered these clinical trials was that angiotensin receptor blockers and ACE inhibitors effectively
decrease HVPG in child A cirrhotic patients to a similar extent as nonselective B-blocker treatment.
However, the beneficial effect of RAS inhibition is lost in child B or C patients (Tandon et al. 2010),
suggesting that the RAS is mainly responsible for intrahepatic vasoconstriction in early stages of
cirrhosis. Angiotensin (1-7) is another member of the angiotensin family that has vasodilator/
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antiproliferative properties. Therefore, RAS is a dual system in which vasoconstrictor/proliferative
or vasodilator/antiproliferative actions are established by the balance between Ang Il and Ang-(1-7)
concentrations, respectively. The latter alternative (via angiotensin (1—7) generation) requires the
presence of ACE2, angiotensin (1-7), and the Mas receptor, which specifically recognizes angio-
tensin 1-7 (Zhuo et al. 2013). The relevance of this alternative pathway in portal hypertension is
unclear. Nevertheless, cirrhotic animals and patients upregulate elements of the alternative RAS
pathway in the mesenteric circulation (Herath et al. 2013). Whether or not angiotensin 1-7
contributes to splanchnic vascular vasodilation in liver disease remains unanswered.
Endocannabinoids have been extensively studied in recent years and have been found to have
important local roles in several complications associated with hepatic dysfunction including hemo-
dynamic disturbances, fibroproliferative processes, host defense mechanisms, obesity, and hepatic
steatosis (Jorda et al. 2002; Jimenez 2005; Lotersztajn et al. 2005; Kunos and Osei-Hyiaman 2008).
Cannabis has been used for medical and recreational purposes from antiquity. Nevertheless, the
different targets in the organisms were not identified until the 1980s—1990s with the characterization
of the cannabinoid receptors 1 and 2 (CBI and CB2, respectively) (Matsuda et al. 1990; Munro
et al. 1993) and the isolation of anandamide (AEA), the first endocannabinoid known (Devane
etal. 1992). The endocannabinoid system is made up of the cannabinoid receptors, their endogenous
ligands (endocannabinoids), and the proteins involved in their synthesis and inactivation
(Di et al. 2004). The endogenous cannabinoid family includes AEA, 2-arachydonyl glycerol
(2-AG), virodhamine, noladin ether, and N-arachidonoyl dopamine. These substances promote
their action through CB receptors. Moreover, AEA interacts with the transient receptor potential
vanilloid type 1 protein (TRPV1), which is also known as the VR1 receptor. Endocannabinoids are
very lipophilic and cannot be stored in vesicles in contrast to what occurs with neurotransmitters.
Consequently, the regulation of endocannabinoid signaling is tightly controlled by their synthesis,
release, uptake, and degradation. Compelling evidence indicates that the endocannabinoid system
plays a major role in numerous pathophysiological processes associated with liver disease. CB1
receptors are crucial mediators in the development of severe complications of cirrhosis, including
splanchnic vasodilation, portal hypertension, and cirrhotic cardiomyopathy (Batkai et al. 2001; Ros
et al. 2002; Domenicali et al. 2005, 2009; Gaskari et al. 2005; Moezi et al. 2006; Batkai et al. 2007).
CBI receptor blockade has proven to be effective in reducing portal hypertension and cirrhotic
cardiomyopathy. Moreover, CB1 stimulation favors fat accumulation and triggers inflammation in
NAFLD and alcoholic liver disease and contributes to the progression of the hepatic fibroproli-
ferative processes (Mallat et al. 2011). On the other hand, CB2 receptors mediate antifibrogenic
effects and play a major role in the regulation of liver inflammatory response. Overall, these data
indicate that activation of CB receptors triggers dual effects; CB1 receptor activation enhances the
progression of chronic liver disease to cirrhosis and accentuates some of its complications, whereas
CB2 receptors are related to antifibrogenic properties. Therefore, the endocannabinoid system
represents a potential therapeutic goal for liver disease. In this regard, the greatest experimental
experience has been obtained with CB1 receptor antagonism. Alternatively, selective agonists of the
CB2 receptors, which are devoid of psychoactive properties, are currently attracting increasing
attention. In fact, fibrotic rats chronically receiving a CB2 receptor agonist show reduced hepatic
collagen content, hepatocellular apoptosis, angiogenesis, and cell infiltrate compared to untreated
fibrotic rats. In addition, this treatment improved MAP and PP (Munoz-Luque et al. 2008;
Reichenbach et al. 2012). This is associated with an attenuated induction of PDGFRf, a-SMA,
MMPs, and TIMPs; thus, CB2 receptor stimulation stops and/or prevents fibrosis progression in
experimental fibrosis. The endogenous cannabinoid system is also of major relevance in the
regulation of the immune and host defense mechanisms, most of these effects being mediated by
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interaction with central and peripheral CB2 receptors (Klein 2005). Actually, stimulation of these
receptors attenuates the activation and release of proinflammatory mediators in neurodegenerative
inflammatory disorders (Romero-Sandoval et al. 2009; Correa et al. 2010; Chung et al. 2012) and
other inflammatory processes associated with liver (Batkai et al. 2012) and cardiac (Wang
et al. 2012) reperfusion injury, atherosclerosis (Zhao et al. 2010), inflammatory bowel disease
(Wright et al. 2008; Alhouayek et al. 2011), and rheumatoid arthritis (Sumariwalla et al. 2004). In
this regard, recent studies have shown significantly diminished mRNA expression of CB1 and CB2
in circulating monocytes of cirrhotic patients. Markedly low CB1 and CB2 mRNA levels were
found in peritoneal macrophages of cirrhotic patients with ascites, being almost suppressed when
analyzed in patients with peritonitis (Reichenbach et al. 2013). Moreover, LPS reduced CB2
expression in human monocytes resulting in depressed chemotactic activity and therefore impaired
host defense response of these cells.

Apelin (AP) is the endogenous ligand of the angiotensin receptor-like 1 (APJ), a G-protein-
coupled receptor that has been found to be involved in an array of physiological events, such as
water homeostasis (De Mota et al. 2004), regulation of cardiovascular tone (Ishida et al. 2004), and
cardiac contractility (Szokodi et al. 2002). AP and its receptor are widely expressed in the central
nervous system and in peripheral tissues, especially in endothelial cells but also in leukocytes,
enterocytes, adipocytes, and cardiomyocytes (Tatemoto et al. 1998; Kawamata et al. 2001; Horiuchi
et al. 2003; Daviaud et al. 2006; Scott et al. 2007). APJ activation leads to inhibition of cAMP
production and activation of the Na"/H" exchanger type 1 (NHE1) (Hosoya et al. 2000). Through the
former pathway, AP enhances the vascular dilatation after the induction of eNOS, in a molecular
cascade leading to extracellular-signal-regulated kinases (ERKs) and P70S6K activation (Masri
et al. 2002, 2004). On the other hand, the burst of NHE1 activity in cardiomyocytes leads to a dose-
dependent increase in myocardial contractility in vivo and in vitro (Szokodi et al. 2002; Berry
et al. 2004). Recent studies have also suggested a role for Apelin in inflammation and angiogenesis
since its expression is regulated by TNF-a (Daviaud et al. 2006), and it has been demonstrated that
Apelin may trigger vascular sprouting in the absence of VEGF (Cox et al. 2006). Clinical and
experimental studies performed in human cirrhotics and rats with CCly-induced cirrhosis have
shown enhanced circulating levels of AP in this condition (Principe et al. 2008). AP mRNA has
shown a fourfold rise only in hepatic tissue but not in the lung, heart, or kidney of cirrhotic rats.
These animals also showed hepatic APJ mRNA levels 300 times higher than controls. Apelin was
highly expressed by HSC, whereas APJ was overexpressed in the hepatic parenchyma of cirrhotic
animals. Moreover, cirrhotic rats chronically treated with an APJ antagonist showed diminished
hepatic fibrosis and angiogenesis and improved cardiovascular performance and renal function and
less ascites. Human patients also showed a marked increase in AP levels (Principe et al. 2008;
Reichenbach et al. 2012). These results were subsequently confirmed in portal hypertensive rats
(Tiani et al. 2009) and patients with biliary atresia (Chen et al. 2013) and, for the first time, pointed to
the hepatic AP system as a novel therapeutic target in liver diseases. Beyond the beneficial effects
that APJ blockade has demonstrated, the disruption of the APJ signaling pathway using specific
inhibitors could also interfere with the progression of chronic liver disease. In this regard, it has been
demonstrated that AP is upregulated in HSCs of patients with cirrhosis and behaves as a paracrine
mediator of fibrogenesis-related gene induction in a cell line derived from human HSCs (Principe
et al. 2008; Melgar-Lesmes et al. 2010). Concerning the AP receptor, it has been shown that tissue
expression of APJ is overexpressed in the liver of cirrhotic patients (Melgar-Lesmes et al. 2011).
This activation occurs mainly in HSCs but also in hepatocytes surrounded by fibrotic septae.
Hypoxia and LPS seem to be involved in this phenomenon (Eyries et al. 2008). The basis to
integrate the existent information on the role of the hepatic AP system in chronic liver disease
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should, therefore, consider two main components: the regulation of AP/APJ expression and the
effects of APJ activation on fibrogenesis and angiogenesis. On one hand, hypoxia and inflammation
induce the hepatic expression of APJ. On the other hand, the activation of APJ mediates the
induction of profibrogenic genes (Melgar-Lesmes et al. 2011), the proliferation of HSCs, and the
release of proangiogenic factors. Consequently, the hepatic AP system represents a link between
chronic inflammation and the subsequent fibrogenic and angiogenic processes occurring in liver
cirrhosis.

Other Bioactive Products Contributing to Hemodynamic Disturbances

Recently, researchers have described a novel bioactive product, microparticles, with vasoactive
properties in blood of cirrhotic patients (Rautou et al. 2012). Microparticles are small cell-derived
vesicles with a diameter between 0.1 and 1 pm and are presumably derived from cell activation or
apoptosis. The membrane of the microparticle maintains cell surface molecules from parent cells
that enable the identification of their cellular origin through the use of specific antibodies (Mause and
Weber 2010). The severity of cirrhosis is positively associated with the plasma concentrations of
microparticles derived mostly from leukocytes, endothelial cells, and hepatocytes. Rautou
et al. showed that circulating microparticles from patients with advanced cirrhosis impair ex vivo
arterial contraction to phenylephrine in vessels of control and cirrhotic rats and decrease the mean
arterial pressure in rats. This effect was absent when microparticles from Child-Pugh A cirrhotic
patients or healthy subjects were tested (Rautou et al. 2012). The degree of contribution of this
mechanism to portal hypertension and its therapeutic potential is an active field of research.

Loss of Normal Tissue Architecture in Liver and Extrahepatic Areas

As mentioned above, increased resistance to intrahepatic portal blood flow and increased mesenteric
blood flow are the hemodynamic components that cause portal hypertension. Both increases can be
corrected to some degree by pharmacological treatment. However, these classical pharmacological
strategies can only reduce intrahepatic resistance to some extent. Significant evidence supports the
hypothesis that the reversal of long-term structural changes (i.e., angiogenesis, endothelial
capillarization, extracellular matrix accumulation, portosystemic shunts, vascular remodeling), in
both liver and splanchnic areas, may further improve the efficacy of the pharmacological treatments.
The mechanisms involved in the development of long-term vascular changes are still not completely
understood. However, such information would be of potential benefit for the treatment of patients
with portal hypertension.

Long-Term Vascular Structural Changes in Liver

The hepatic sinusoid is a specific capillary network, physically separated from hepatocytes by the
space of Disse through which blood from the hepatic artery and from the portal vein circulates. The
hepatic sinusoid is made up of four different populations of cells: endothelial cells (LSEC), which
represent 20 % of total hepatic cells; Kupffer cells, which are resident hepatic macrophages; HSC;
and pit cells, which are resident liver NK cells. Hepatocytes contain microvilli on their sinusoidal
surface, and these microvilli expand into the space of Disse to increment the exchange surface. The
space of Disse is constituted by proteins and other plasma components that have been sieved by
LSECs from the sinusoidal circulation (Braet and Wisse 2002).

Sinusoidal Capillarization Thanks to the pioneering work done by Wisse on the ultrastructure of

LSECs (Wisse et al. 1983, 1985), we currently know that the hepatic sinusoid differs from other
capillaries in the body because this vascular structure lacks a basal membrane. In addition, the LSEC
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that form the sinusoids contain fenestrations (fenestrae) with diameters of ~20-250 nm. The
fenestrae are arranged in special structures called sieve plates, which are approximately 0.1 pm in
diameter and comprise 2050 aggregated pores. These differential characteristics of LSECs enable
an efficient exchange of metabolites between blood and hepatocytes. The lack of a basement
membrane in the sinusoids allows direct interaction between LSECs and hepatocytes, further
increasing the transport efficiency of the system. The mechanism of fenestration formation in
LSEC is not entirely clear. The most complete model describing the process of fenestra formation
is the “sieve-raft model,” proposed by Svistounov et al., that describes an inverse association
between the occurrence of membrane rafts and sieve plates in LSEC (Svistounov et al. 2012).
Specifically, the fenestration of LSEC occurs when some areas of the plasma membrane, devoid of
membrane stabilizers such as rafts or actin, invaginate. Due to the thinness of the cytoplasmic
extensions of LSECs, these invaginations turn into fenestrations. This theory is also consistent with
previous observations pointing to VEGF as a potent stimulator of fenestration in LSECs (Yokomori
et al. 2003). Several studies have highlighted the relevance of the changes occurring in these special
structures of LSEC in liver disease. For instance, preclinical studies have demonstrated that LSEC
undergo defenestration before the development of fibrosis and in the context of alcohol liver disease
(Fig. 1). Accordingly, exposure to alcohol changes the cell membrane fluidity in both in vitro and
in vivo models of alcohol exposure (Dey and Cederbaum 2006). Moreover, liver cirrhosis is
associated with increased caveolin-1 expression in LSECs. The relevance of this finding lies in
the fact that the abundance of caveolin-1 is directly correlated in cells with the presence of lipid rafts
(Shah et al. 1999). Therefore, there are reasons to consider that the sieve-raft theory may also explain
the defenestration occurring in liver diseases. This structural change, together with the development
of a basement membrane in sinusoids, is termed capillarization (Bhunchet and Fujieda 1993; Mori
et al. 1993). Furthermore, platelet-derived growth factor (PDGF) signaling through Ephrin-2 and
neuropilin-1 stimulates the HSC coverage of sinusoids in vivo (Semela et al. 2008). All these
morphological changes of sinusoids increment the intrahepatic resistance to portal blood flow and
cause hepatocellular necrosis.

Hepatic Stellate Cell Activation HSCs are vitamin A-storing cells in physiological conditions that
have a regular distribution along the space of Disse (Wake et al. 1988). These cells present some
neural markers, such as n-CAM (Knittel et al. 1996), and interact directly with the central nervous
system through contact with neuronal terminations (Lafon et al. 1989). Recently, researchers have
demonstrated that HSCs may also differentiate from hematopoietic stem cells and be recruited from
bone marrow after liver injury (Miyata et al. 2008). Therefore, we may have a population with
a heterogeneous origin, especially in pathological conditions.

In liver disease, HSCs contract in vitro in response to vasoconstrictors, such as ET 1, Ang II, or
vasopressin and relax in response to vasodilators, such as -NO (Marra and Pinzani 2002). However,
in vivo contraction remains elusive as only indirect evidences are available to date. Thus, whether or
not this contraction is physiologically relevant is still controversial. Three-dimensional reconstruc-
tion of HSCs in porcine liver, using Golgi’s silver staining, has shown that cellular protrusions of the
HSC surround the sinusoidal endothelial cells (Wake et al. 1988). These cellular protrusions present
actin filaments, suggesting contractibility and supporting the hypothesis that HSCs act like hepatic-
specific pericytes involved in sinusoidal contraction during liver injury. According to this hypoth-
esis, the role of HSC in cirrhotic portal hypertension is central given that an excessive contraction of
these cells due to impaired production of vascular mediators, which is characteristic of liver injury,
leads to an increase in the intrahepatic vascular resistance.
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HSCs are also responsible for long-term structural hepatic changes because this cell type, when
activated by TGF-3 and/or cytokines, is a major contributor to extracellular matrix (ECM) gener-
ation in injured liver. ECM production by HSCs is a physiological repair response. However, when
this process is deregulated by different mechanisms, which can include chronic injury, or excessive
inflammatory response, the healthy functional tissue is replaced by fibrotic nonfunctional scars
constituted mainly by ECM. This pathological regeneration impairs normal functioning of the liver
and disrupts the hepatic vascular architecture, resulting in increased vascular resistance (Shibayama
and Nakata 1992).

Activation of HSCs by TGF-p leads to the expression of «-SMA, which is a marker of transdif-
ferentiation into myofibroblasts. TGF-f is a superfamily of homologous growth factors that trans-
duces its signal by binding to specific serine/threonine kinase membrane receptors. A type II TGF-3
receptor dimer binds the TGF-B ligand and recruits a type I receptor dimer forming
a heterotetrameric complex with the ligand (Wrana et al. 1992). TGF-B receptor types I and II
have high affinity for TGF-B1 and low affinity for TGF-B2. Additionally, another TGF-f receptor,
TGF-P receptor type 111, can be distinguished according to its high affinity for both TGF-1 and -B2.
The receptor/ligand complex internalizes via clathrin-coated pits into early endosomes that contain
an accessory protein named SARA (Smad anchor for receptor activation). SARA is an FYVE
domain containing a scaffolding protein that interacts with the MH2 domain of inactive Smads,
targeting them to early endosomes and promoting Smad phosphorylation at C-terminal serines
(Moustakas et al. 2002; Javelaud and Mauviel 2004; Massague et al. 2005). Eight different members
of the Smad family have been identified in mammals. Based on their function, the Smads are
classified as receptor-activated (R-) Smads (Smadl, Smad2, Smad3, Smad5, and SmadS), common-
partner (Co-) Smads (Smad4), or inhibitory (I-) Smads (Smad6 and Smad7). Smad2 and Smad3 are
specific mediators of TGF-P/activin pathways, whereas Smad1, Smad5, and Smad8 are involved in
bone morphogenetic protein (BMP) signaling (Javelaud and Mauviel 2004; Massague et al. 2005).
BMP is another member of the TGF-f3 superfamily. The R-Smads then dissociate from the receptor
complex to form oligomers at different stochiometries: heterotrimers with two R-Smads and one
Smad4 (Smad3) or heterodimers consisting of an R-Smad (Smad2) and a Co-Smad. These com-
plexes translocate to the nucleus and function as transcriptional regulators of target genes through
interactions with other transcription factors, corepressors, and coactivators. This diversity of
interactions confers cell type-dependent diverse ligand responses.

The modulation of all the players in this signaling pathway has an effect on HSC-mediated liver
fibrosis. One example is the repression of TGF- receptor type II by the overexpression of SKI-like
oncogene, which decreased fibrosis in rat liver through downregulation of MMP-2 in HSCs
(Marquez-Aguirre et al. 2009). In a similar way, the adenoviral delivery of an antisense TGF-f3
oligonucleotide inhibits profibrotic activities in HSCs (Arias et al. 2002). Different researchers have
also studied the role of the Smad family in the context of cirrhotic portal hypertension. For instance,
Smad7 overexpression prevents the activation of HSCs and reduces liver fibrosis in rats (Dooley
et al. 2003). Smad3 activation, which occurs in HSCs during liver fibrosis, is correlated with
enhanced transcription of COL1A2 and PAI-1 genes. In Smad3-deficient cirrhotic mice, liver
fibrosis decreases by 50 %, although HSCs maintain a-SMA expression. These results suggest
that Smad3 is not necessary for HSC transdifferentiation but mediates, at least in part, liver fibrosis
(Schnabl et al. 2001). There are other factors that can indirectly influence TGF-J3 responses in cells.
It has recently been described that NOGO-B, a member of the reticulon (Rtn) family of proteins,
potentiates TGF-B-induced Smad-2 phosphorylation. This effect has an impact on portal hyperten-
sion, given that NOGO-B deficiency decreases portal hypertension in bile duct-ligated mice (Zhang
etal. 2011).
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All of the above suggests that targeting TGF-f, specifically on HSCs, could be a useful tool to
reduce portal hypertension in cirrhosis.

Pathological Angiogenesis Angiogenesis is the primary mechanism of new vessel formation in
postnatal stages and is defined as the formation of new capillaries from preexisting blood vessels.
This complex mechanism is the result of several coordinated steps involving endothelial cells: the
activation of endothelial signaling pathways by angiogenic factors (i.e., vascular endothelial growth
factor, angiopoietins, fibroblast growth factor, integrins), release of proteases to digest the basement
membrane, cell migration, cell proliferation, tubular morphogenesis, formation of new vascular
sprouts, and recruitment of pericytes into the new vascular structures. Angiogenesis is restricted to
reproduction and wound healing in healthy adults. In the context of wound healing, angiogenesis
may be excessive in several clinical conditions and may lead to a major source of complications,
such as abnormal tissue perfusion, an increase of vascular permeability, tissue inflammation, and
tumor growth.

In liver disease, angiogenesis is evident during the progression of cirrhotic portal hypertension
caused by hepatitis C, biliary cirrhosis, autoimmune hepatitis, or alcohol toxicity. The new hepatic
vessels are located within the scar areas and form portosystemic and arterio-portal anastomoses
(Mazzanti et al. 1997; El Assal et al. 1998; Rosmorduc et al. 1999; Battista et al. 2001; Corpechot
et al. 2002; Medina et al. 2003; Tugues et al. 2007; Fig. 3a). Several preclinical studies in
experimental models have shown that antiangiogenic drugs effectively decrease liver fibrosis and
portal hypertension. These studies used different antiangiogenic strategies: blockage of endothelial
cell proliferation with TNP-470, specific inhibitors of angiogenic factor receptors such as anti-
VEGF receptors antibodies (VEGFRs) or the Tie2 receptor antagonist, and treatment with
multitarget inhibitors with a broad selectivity for receptor tyrosine kinases (Wang et al. 2000; Yoshiji
etal. 2003; Taura et al. 2008). Sunitinib and sorafenib belong to the last group of antiangiogenics and
have in common the characteristic that both drugs inhibit VEGFR and PDGFR receptors. The
inhibition of PDGFR has an additional therapeutic interest considering that PDGF is a potent
mitogenic, profibrogenic, and chemotactic factor for HSC. When activated, HSCs overexpress the
PDGFR receptor-f (PDGFR-B) that plays a key role in the progression of fibrosis (Pinzani
et al. 1989; Wong et al. 1994). The abovementioned studies demonstrate that inhibition of angio-
genesis is an efficient strategy to block liver fibrosis. However, some discrepancies with respect to
this statement exist. One study showed that angiogenesis blockade using «Vf3 inhibitors actually
worsened experimental fibrosis (Patsenker et al. 2009). This result warns of the need to carefully
select the antiangiogenic therapy to be used to achieve the desired therapeutic effect. Safety is also
a major issue on antiangiogenic treatment, especially if we consider its potential translation to
patients with clinical portal hypertension and liver fibrosis. Although antiangiogenic agents are
clinically used in the treatment of angiogenesis-related diseases, some studies have warned about the
occurrence of side effects and the development of resistance to antiangiogenic treatment. The
placental growth factor (PIGF) is another angiogenic factor that belongs to the VEGF family and
acts as a specific ligand for VEGFRI1. Unlike VEGF, PIGF plays a negligible role in physiological
angiogenesis. However, studies in transgenic mice have revealed that the angiogenic activity of
PIGF is restricted to pathological conditions. In contrast to VEGF inhibitors, anti-PIGF antibodies
reduce pathological angiogenesis in most disease models without affecting healthy blood vessels,
resulting in no major side effects in mice and humans (Fischer et al. 2007; Lassen et al. 2009; Riisbro
et al. 2009; Van de Veire et al. 2010). In experimental models of mice with portal hypertension and
liver fibrosis, gene deficiency or pharmacology inhibition of Plgf normalized the splanchnic and
hepatic angioarchitecture in mice with liver fibrosis. The absence of Plgf activity also decreased
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a Control liver

Cirrhotic liver b

Control rat

Cirrhotic rat

Fig. 3 Long-term vascular structural changes in liver and extrahepatic vasculature. In (A), representative scanning
electron microscopic images of livers of control and cirrhotic rats. Casts from control animals show a quiescent
sinusoidal vasculature organized in nodular pattern (panels a, ¢, and e). In contrast, the sinusoids of cirrhotic rats
appeared irregular, disrupted, bulging, and saccular (panels b, d, and f). Original magnifications x50 (panels a and b),
x 150 (panels ¢ and d), and x500 (panels e and f). In (B), photomicrographs of representative cross sections of
mesenteric artery from a control rat and a cirrhotic rat with ascites. Note the marked reduction in wall thickness and
the diminution in the number of nuclei in the cirrhotic vessel (H&E staining; original magnifications x200)

fibrosis, portal pressure, and inflammatory infiltrate. All these beneficial effects were obtained in
a context of a good safety profile (Van Steenkiste et al. 2009. 2011). These studies agree with the
concept that antiangiogenesis treatment must be selected according to its therapeutic efficiency and
biosecurity.

The beneficial effect of antiangiogenic treatments in preclinical studies encourages the develop-
ment of clinical trials. However, the functional crosstalk between liver angiogenesis and fibrosis
should first be clarified. The first unanswered question is why antiangiogenic treatment reduces
portal pressure and liver fibrosis. One would expect angiogenesis to be an important component of
the hepatic healing response. Furthermore, considering the principles of hemodynamics, an
increased number of blood vessels should reduce intrahepatic resistance. However, the studies
mentioned above contradict this reasoning. Some investigators have speculated that inflammation
is the process linking angiogenesis and fibrogenesis. In fibrotic livers, pathological angiogenesis
would result in a proinflammatory neovasculature which develops mainly within the scar area. These
new vessels would contribute to the perpetuation and the amplification of the inflammatory state due
to the expression of adhesion molecules and cytokines, such as vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1). As a result, inflammatory infiltrate
would accumulate around the proinflammatory vasculature and would further enhance the devel-
opment of fibrosis (Tugues et al. 2007; Van Steenkiste et al. 2011). Angiogenesis may also stimulate

Page 23 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

the extension of fibrosis because new vessels could increase the supply of inflammatory cells,
oxygen, and nutrients within the scar. Concerning the potential improvement in hepatic hemody-
namics attributed to angiogenesis, it should be considered that the neovasculature in injured tissue
may generate an immature-dysregulated microvascular bed that may change the distribution of
blood flow and impair vascular reactivity (Ezaki et al. 2001; Baluk et al. 2005). Therefore,
a normalization of liver vasculature would be preferred in order to achieve good liver perfusion
instead of disorganized and chaotic vascular growth.

Long-Term Vascular Structural Changes in Extrahepatic Tissue
Long-term structural changes of the angioarchitecture also occur in the splanchnic area during portal
hypertension and cirrhosis. This statement is supported by several evidences. For instance, prom-
inent persistent abnormalities in the microangioarchitecture of the gastric mucosa occur in rats with
partial portal vein ligation, which match the hypertrophic gastropathy observed in cirrhotic patients
(Albillos et al. 1992). Portal hypertension is accompanied by a significant increase
in ‘NO-dependent angiogenesis in vivo (Sumanovski et al. 1999; Sieber et al. 2001). An extensive
neovascularization, visualized by intravital microscopy, occurs in the hepatic arterial system of
partial portal vein-ligated rats (Yokoyama et al. 2001). Increased angiogenesis and permeability
have been reported in the peritoneal circulation of rats with portal hypertension and cirrhosis (Geerts
et al. 2006). Ascites of cirrhotic patients behaves as a powerful inducer of angiogenesis through the
induction of the PI3k/Akt signaling pathway in human endothelial cells (Morales-Ruiz et al. 2005).
This latter work raises the possibility that ascites would further stimulate splanchnic angiogenesis in
patients with decompensated cirrhosis, and this, in turn, would aggravate splanchnic hyperemia.
The development of portosystemic collateral vessels prone to bleeding is one of the major causes
of complications in portal hypertension. Our understanding of the mechanisms underlying the
formation of collateral vessels has evolved over the last decades. Initially, some studies proposed
that collateral vessels arise from the passive dilatation of preexisting venous channels as
a consequence of increased intrahepatic resistance and portal venous inflow. Currently, recent
investigations suggest that collateral formation is not only induced by changes in the blood flow
but also by structural vascular changes induced by proangiogenic factors. In this context, the
treatment of portal hypertensive rats with neutralizing antibody to VEGF receptor 2, SU5416,
rapamycin (a VEGF signaling pathway inhibitor), and imatinib (an inhibitor of abl, c-kit, and
PDGF receptor activity) significantly reduced portosystemic collateral formation and attenuated
the hyperdynamic splanchnic circulation (Fernandez et al. 2004, 2005, 2007). In concordance with
these studies, PIGF deficiency in portal hypertensive mice with or without liver fibrosis decreased
splanchnic angiogenesis and reduced portosystemic shunting, as well as mesenteric artery flow (Van
Steenkiste et al. 2009). All these studies suggest the contribution of active molecular signaling on the
formation of collaterals to counteract the increased intrahepatic resistance. However, research in this
field is still in its infancy, and more efforts are needed to define the ultrastructural changes that occur
during vascular shunting, the respective contribution of the hemodynamic and molecular signaling
to the formation of collaterals, and the degree of crosstalk between these two mechanisms. These
efforts will pay off to guide the search for effective therapies in the management of variceal bleeding.
Another structural change, namely, vascular remodeling, is responsible for long-term structural
changes in the extrahepatic vasculature during portal hypertension and cirrhosis. Vascular
remodeling is defined as the long-term structural adaptations that occur in blood vessels to maintain
constant flow despite hemodynamic disturbances or vascular abnormalities. These adaptations
include changes in vascular diameter, in the media cross-sectional area, or in the media/lumen
ratio (Rudic and Sessa 1999). In cirrhotic rats, both resistance and conducting blood vessels
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exhibited fewer layers of smooth muscle cells compared with control rats. These structural changes
in the composition of the media resulted in a significant decrease of media thickness (Fig. 3b). In the
same study, these authors demonstrated that inhibition of NOS in cirrhotic rats blocked the
development of this vascular remodeling. The hemodynamic consequence of this treatment was
an increase in mean arterial pressure and in peripheral resistance in cirrhotic animals (Fernandez-
Varo et al. 2003). This study suggests that the increased endothelium-derived -NO observed in
extrahepatic vessels during cirrhotic portal hypertension causes long-term vascular changes. This
phenomenon may further contribute to the unresponsiveness of endogenous vasoconstrictors
described in the splanchnic area of portal hypertensive patients. The extrahepatic lymphatic vascu-
lature of cirrhotic rats also shows this vascular remodeling in response to vascular -NO
overproduction (Ribera et al. 2013). Both studies establish a -NO mechanism responsible for
extrahepatic vascular remodeling affecting all types of vasculature during cirrhotic portal hyperten-
sion. To date, the therapeutic implications of this pathological model have not been studied in
patients. Nonetheless, the potential clinical implications of such studies would be of great interest.

Future Directions

In recent decades, our understanding of the pathogenesis of portal hypertension has advanced
significantly. Hepatologists have identified novel pathological mechanisms and have developed
new research lines addressed to correct structural changes in tissue architecture and in hemodynamic
abnormalities. Despite the knowledge gained, the clinical management of patients with severe portal
hypertension is still deficient. We still have to face many unresolved questions concerning both
pathogenesis and therapeutics. Can we use pharmacological treatments to normalize hepatic and
splanchnic tissular architecture? Do we have the necessary tools to undertake targeted drug
delivery — in cells or tissues of interest — in the near future? Can we find biomarkers for the
complications related to portal hypertension such as portal vein thrombosis and variceal rupture?
Concerning the last question, the identification of the biological mechanisms leading to these
complications is a pending issue. It is expected that the accumulation of knowledge, together with
further efforts to answer unresolved questions, will eventually lead to the development of safer and
more effective therapies for portal hypertension and its complications.

Acknowledgments

Supported by grants from the MICINN (SAF 2010-19025 to MM-R and SAF 2012-35979 to WJ)
and AGAUR (2009 SGR 1496). CIBERehd is financed by the Instituto de Salud Carlos III. JR-V is
funded by the IDIBAPS and the Marie Curie Actions program of the Seventh Framework Program
of the European Commission (BIOTRACK Program).

Cross-References

Anatomy and Physiology of the Hepatic Circulation

Assessment and Management of Portal Hypertension

Epidemiology, Anatomy, Physiology, Pathophysiology of Lymphatic Disorders
Essentials of Angiogenesis

Page 25 of 41


http://dx.doi.org/SpringerLink:ChapterTarget
http://dx.doi.org/SpringerLink:ChapterTarget
http://dx.doi.org/SpringerLink:ChapterTarget
http://dx.doi.org/SpringerLink:ChapterTarget

PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Hemodynamics: An Introduction
Physiology and Pathophysiology of Microcirculation
Vascular Endothelial Function

References

Ahmad A, Alvarez F (2004) Role of NK and NKT cells in the immunopathogenesis of HCV-induced
hepatitis. J Leukoc Biol 76(4):743—759

Albillos A, Colombato LA, Enriquez R, Ng OC, Sikuler E, Groszmann RJ (1992) Sequence of
morphological and hemodynamic changes of gastric microvessels in portal hypertension. Gas-
troenterology 102(6):2066-2070

Albillos A, Rossi I, Iborra J, Lledo JL, Calleja JL, Barrios C, Garcia P, Escartin P (1994) Octreotide
prevents postprandial splanchnic hyperemia in patients with portal hypertension. J Hepatol
21(1):88-94

Albillos A, Rossi I, Cacho G, Martinez MV, Millan 1, Abreu L, Barrios C, Escartin P (1995)
Enhanced endothelium-dependent vasodilation in patients with cirrhosis. Am J Physiol
268(3 Pt 1):G459-G464

Albillos A, Garcia-Pagan JC, Iborra J, Bandi JC, Cacho G, Perez-Paramo M, Escorsell A, Calleja JL,
Escartin P, Bosch J (1998) Propranolol plus prazosin compared with propranolol plus isosorbide-
5-mononitrate in the treatment of portal hypertension. Gastroenterology 115(1):116—123

Albornoz L, Motta A, Alvarez D, Estevez A, Bandi JC, McCormack L, Matera J, Bonofiglio C,
Ciardullo M, De Santibanes E, Gimeno M, Gadan A (2001) Nitric oxide synthase activity in the
splanchnic vasculature of patients with cirrhosis: relationship with hemodynamic disturbances.
J Hepatol 35(4):452-456

Alhouayek M, Lambert DM, Delzenne NM, Cani PD, Muccioli GG (2011) Increasing endogenous
2-arachidonoylglycerol levels counteracts colitis and related systemic inflammation. FASEB
J25(8):2711-2721

Anegawa G, Kawanaka H, Yoshida D, Konishi K, Yamaguchi S, Kinjo N, Taketomi A,
Hashizume M, Shimokawa H, Maehara Y (2008) Defective endothelial nitric oxide synthase
signaling is mediated by rho-kinase activation in rats with secondary biliary cirrhosis. Hepatology
47(3):966-977

Arias M, Lahme B, Van de Leur E, Gressner AM, Weiskirchen R (2002) Adenoviral delivery of an
antisense RNA complementary to the 3’ coding sequence of transforming growth factor-betal
inhibits fibrogenic activities of hepatic stellate cells. Cell Growth Differ 13(6):265-273

Baluk P, Hashizume H, McDonald DM (2005) Cellular abnormalities of blood vessels as targets in
cancer. Curr Opin Genet Dev 15(1):102—111

Bari K, Garcia-Tsao G (2012) Treatment of portal hypertension. World J Gastroenterol
18(11):1166—-1175

Bataller R, Schwabe RF, Choi YH, Yang L, Paik YH, Lindquist J, Qian T, Schoonhoven R,
Hagedorn CH, Lemasters JJ, Brenner DA (2003) NADPH oxidase signal transduces angiotensin
IT in hepatic stellate cells and is critical in hepatic fibrosis. J Clin Invest 112(9):1383—-1394

Batkai S, Jarai Z, Wagner JA, Goparaju SK, Varga K, Liu J, Wang L, Mirshahi F, Khanolkar AD,
Makriyannis A, Urbaschek R, Garcia N Jr, Sanyal AJ, Kunos G (2001) Endocannabinoids acting
at vascular CB1 receptors mediate the vasodilated state in advanced liver cirrhosis. Nat Med
7(7):827-832

Page 26 of 41


http://dx.doi.org/SpringerLink:ChapterTarget
http://dx.doi.org/SpringerLink:ChapterTarget
http://dx.doi.org/SpringerLink:ChapterTarget

PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Batkai S, Mukhopadhyay P, Harvey-White J, Kechrid R, Pacher P, Kunos G (2007)
Endocannabinoids acting at CB1 receptors mediate the cardiac contractile dysfunction in vivo
in cirrhotic rats. Am J Physiol Heart Circ Physiol 293(3):H1689-H1695

Batkai S, Mukhopadhyay P, Horvath B, Rajesh M, Gao RY, Mahadevan A, Amere M, Battista N,
Lichtman AH, Gauson LA, Maccarrone M, Pertwee RG, Pacher P (2012) Delta8-
Tetrahydrocannabivarin prevents hepatic ischaemia/reperfusion injury by decreasing oxidative
stress and inflammatory responses through cannabinoid CB2 receptors. Br J Pharmacol
165(8):2450-2461

Battista S, Bar F, Mengozzi G, Zanon E, Grosso M, Molino G (1997) Hyperdynamic circulation in
patients with cirrhosis: direct measurement of nitric oxide levels in hepatic and portal veins.
J Hepatol 26(1):75-80

Battista S, Bar F, Mengozzi G, Pollet C, Torchio M, Cavalli G, Rosina F, David E, Cutrin JC,
Cavalieri B, Poli G, Molino G (2001) Evidence of an increased nitric oxide production in primary
biliary cirrhosis. Am J Gastroenterol 96(3):869—-875

Bauer C, Walcher F, Kalweit U, Larsen R, Marzi I (1997) Role of nitric oxide in the regulation of the
hepatic microcirculation in vivo. J Hepatol 27(6):1089—-1095

Berry MF, Pirolli TJ, Jayasankar V, Burdick J, Morine KJ, Gardner TJ, Woo YJ (2004) Apelin has
in vivo inotropic effects on normal and failing hearts. Circulation 110(11 Suppl 1):11187-11193

Bhunchet E, Fujieda K (1993) Capillarization and venularization of hepatic sinusoids in porcine
serum-induced rat liver fibrosis: a mechanism to maintain liver blood flow. Hepatology
18(6):1450—-1458

Bosch J, Kravetz D, Rodes J (1981) Effects of somatostatin on hepatic and systemic hemodynamics
in patients with cirrhosis of the liver: comparison with vasopressin. Gastroenterology
80(3):518-525

Bosch J, Bordas JM, Mastai R, Kravetz D, Navasa M, Chesta J, Pizcueta MP, Garcia-Pagan JC,
Rodes J (1988) Effects of vasopressin on the intravariceal pressure in patients with cirrhosis:
comparison with the effects on portal pressure. Hepatology 8(4):861-865

Bosch J, Abraldes JG, Berzigotti A, Garcia-Pagan JC (2009) The clinical use of HVPG measure-
ments in chronic liver disease. Nat Rev Gastroenterol Hepatol 6(10):573—582

Boyer JL, Sen Gupta KP, Biswas SK, Pal NC, Basu Mallick KC, Iber FL, Basu AK (1967) Idiopathic
portal hypertension. Comparison with the portal hypertension of cirrhosis and extrahepatic portal
vein obstruction. Ann Intern Med 66(1):41-68

Bradham CA, Plumpe J, Manns MP, Brenner DA, Trautwein C (1998) Mechanisms of hepatic
toxicity. I. TNF-induced liver injury. Am J Physiol 275(3 Pt 1):G387-G392

Braet F, Wisse E (2002) Structural and functional aspects of liver sinusoidal endothelial cell
fenestrae: a review. Comp Hepatol 1(1):1

Bredt DS, Hwang PM, Glatt CE, Lowenstein C, Reed RR, Snyder SH (1991) Cloned and expressed
nitric oxide synthase structurally resembles cytochrome P-450 reductase. Nature
351(6329):714-718

Brenner C, Galluzzi L, Kepp O, Kroemer G (2013) Decoding cell death signals in liver inflamma-
tion. J Hepatol 59(3):583-594

Cahill PA, Foster C, Redmond EM, Gingalewski C, Wu Y, Sitzmann JV (1995) Enhanced nitric
oxide synthase activity in portal hypertensive rabbits. Hepatology 22(2):598-606

Cahill PA, Redmond EM, Hodges R, Zhang S, Sitzmann JV (1996) Increased endothelial nitric
oxide synthase activity in the hyperemic vessels of portal hypertensive rats. J Hepatol
25(3):370-378

Page 27 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Campillo B, Chabrier PE, Pelle G, Sediame S, Atlan G, Fouet P, Adnot S (1995) Inhibition of nitric
oxide synthesis in the forearm arterial bed of patients with advanced cirrhosis. Hepatology
22(5):1423-1429

Castera L, Pinzani M, Bosch J (2012) Non invasive evaluation of portal hypertension using transient
elastography. J Hepatol 56(3):696—-703

Chan CC, Lee FY, Wang SS, Chang FY, Lin HC, Chu CJ, Tai CC, Lai IN, Lee SD (1999) Effects of
vasopressin on portal-systemic collaterals in portal hypertensive rats: role of nitric oxide and
prostaglandin. Hepatology 30(3):630—635

Charatcharoenwitthaya P, Lindor KD (2005) Current concepts in the pathogenesis of primary biliary
cirrhosis. Ann Hepatol 4(3):161-175

Chen D, Liu W, Leng E, Wu B (1998) Effect of splenectomy on CCl4-induced liver fibrosis in rats.
Chin Med J (Engl) 111(9):779-783

Chen W, Oue T, Ueno T, Uehara S, Usui N, Fukuzawa M (2013) Apelin is a marker of the
progression of liver fibrosis and portal hypertension in patients with biliary atresia. Pediatr Surg
Int 29(1):79-85

Child CG (1955) The portal circulation. N Engl J Med 252:837-850

Chung ES, Bok E, Chung YC, Baik HH, Jin BK (2012) Cannabinoids prevent lipopolysaccharide-
induced neurodegeneration in the rat substantia nigra in vivo through inhibition of microglial
activation and NADPH oxidase. Brain Res 1451:110-116

Claria J, Jimenez W, Ros J, Asbert M, Castro A, Arroyo V, Rivera F, Rodes J (1992) Pathogenesis of
arterial hypotension in cirrhotic rats with ascites: role of endogenous nitric oxide. Hepatology
15(2):343-349

Colell A, Garcia-Ruiz C, Miranda M, Ardite E, Mari M, Morales A, Corrales F, Kaplowitz N,
Fernandez-Checa JC (1998) Selective glutathione depletion of mitochondria by ethanol sensitizes
hepatocytes to tumor necrosis factor. Gastroenterology 115(6):1541-1551

Coll M, Martell M, Raurell I, Ezkurdia N, Cuenca S, Hernandez-Losa J, Esteban R, Guardia J,
Bosch J, Genesca J (2010) Atrophy of mesenteric sympathetic innervation may contribute to
splanchnic vasodilation in rat portal hypertension. Liver Int 30(4):593—-602

Corpechot C, Barbu V, Wendum D, Kinnman N, Rey C, Poupon R, Housset C, Rosmorduc O (2002)
Hypoxia-induced VEGF and collagen I expressions are associated with angiogenesis and
fibrogenesis in experimental cirrhosis. Hepatology 35(5):1010-1021

Correa F, Hernangomez M, Mestre L, Loria F, Spagnolo A, Docagne F, Di MV, Guaza C (2010)
Anandamide enhances IL-10 production in activated microglia by targeting CB(2) receptors:
roles of ERK1/2, JNK, and NF-kappaB. Glia 58(2):135-147

Cox CM, D’Agostino SL, Miller MK, Heimark RL, Krieg PA (2006) Apelin, the ligand for the
endothelial G-protein-coupled receptor, APJ, is a potent angiogenic factor required for normal
vascular development of the frog embryo. Dev Biol 296(1):177-189

Crispe IN (2003) Hepatic T cells and liver tolerance. Nat Rev Immunol 3(1):51-62

Crofford LJ (1997) COX-1 and COX-2 tissue expression: implications and predictions. J Rheumatol
Suppl 49:15-19

D’Amico G, Pagliaro L, Bosch J (1999) Pharmacological treatment of portal hypertension: an
evidence-based approach. Semin Liver Dis 19(4):475-505

Datta DV, Mitra SK, Chhuttani PN, Chakravarti RN (1979) Chronic oral arsenic intoxication as
a possible aetiological factor in idiopathic portal hypertension (non-cirrhotic portal fibrosis) in
India. Gut 20(5):378-384

Page 28 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Daviaud D, Boucher J, Gesta S, Dray C, Guigne C, Quilliot D, Ayav A, Ziegler O, Carpene C,
Saulnier-Blache JS, Valet P, Castan-Laurell I (2006) TNFalpha up-regulates apelin expression in
human and mouse adipose tissue. FASEB J 20(9):1528-1530

De Franchis R (2010) Revising consensus in portal hypertension: report of the Baveno V consensus
workshop on methodology of diagnosis and therapy in portal hypertension. J Hepatol
53(4):762-768

De Minicis S, Brenner DA (2007) NOX in liver fibrosis. Arch Biochem Biophys 462(2):266-272

De Mota N, Reaux-Le GA, EI MS, Chartrel N, Roesch D, Dujardin C, Kordon C, Vaudry H, Moos F,
Llorens-Cortes C (2004) Apelin, a potent diuretic neuropeptide counteracting vasopressin actions
through inhibition of vasopressin neuron activity and vasopressin release. Proc Natl Acad Sci U S
A 101(28):10464-10469

Decker K (1990) Biologically active products of stimulated liver macrophages (Kupfter cells). Eur
J Biochem 192(2):245-261

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, Mandelbaum A,
Etinger A, Mechoulam R (1992) Isolation and structure of a brain constituent that binds to the
cannabinoid receptor. Science 258(5090):1946—1949

Dey A, Cederbaum Al (2006) Alcohol and oxidative liver injury. Hepatology 43(2 Suppl 1):
S63-S74

Di Marzo V, Bifulco M, De Petrocellis PL (2004) The endocannabinoid system and its therapeutic
exploitation. Nat Rev Drug Discov 3(9):771-784

Domenicali M, Ros J, Fernandez-Varo G, Cejudo-Martin P, Crespo M, Morales-Ruiz M, Briones
AM, Campistol JM, Arroyo V, Vila E, Rodes J, Jimenez W (2005) Increased anandamide induced
relaxation in mesenteric arteries of cirrhotic rats: role of cannabinoid and vanilloid receptors. Gut
54(4):522-527

Domenicali M, Caraceni P, Giannone F, Pertosa AM, Principe A, Zambruni A, Trevisani F, Croci T,
Bernardi M (2009) Cannabinoid type 1 receptor antagonism delays ascites formation in rats with
cirrhosis. Gastroenterology 137(1):341-349

Dooley S, Hamzavi J, Breitkopf K, Wiercinska E, Said HM, Lorenzen J, Ten DP, Gressner AM
(2003) Smad7 prevents activation of hepatic stellate cells and liver fibrosis in rats. Gastroenter-
ology 125(1):178-191

Duffield JS, Forbes SJ, Constandinou CM, Clay S, Partolina M, Vuthoori S, Wu S, Lang R, Iredale
JP (2005) Selective depletion of macrophages reveals distinct, opposing roles during liver injury
and repair. J Clin Invest 115(1):56—65

Dunn MA, Kamel R (1981) Hepatic schistosomiasis. Hepatology 1(6):653—661

Eisenhofer G, Kopin 1J, Goldstein DS (2004) Catecholamine metabolism: a contemporary view with
implications for physiology and medicine. Pharmacol Rev 56(3):331-349

El Assal ON, Yamanoi A, Soda Y, Yamaguchi M, Igarashi M, Yamamoto A, Nabika T, Nagasue
N (1998) Clinical significance of microvessel density and vascular endothelial growth factor
expression in hepatocellular carcinoma and surrounding liver: possible involvement of vascular
endothelial growth factor in the angiogenesis of cirrhotic liver. Hepatology 27(6):1554—1562

Escorsell A, Bandi JC, Moitinho E, Feu F, Garcia-Pagan JC, Bosch J, Rodes J (1997) Time profile of
the haemodynamic effects of terlipressin in portal hypertension. J Hepatol 26(3):621-627

Escorsell A, del Ruiz AL, Planas R, Albillos A, Banares R, Cales P, Pateron D, Bernard B, Vinel JP,
Bosch J (2000) Multicenter randomized controlled trial of terlipressin versus sclerotherapy in the
treatment of acute variceal bleeding: the TEST study. Hepatology 32(3):471-476

Page 29 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Eyries M, Siegfried G, Ciumas M, Montagne K, Agrapart M, Lebrin F, Soubrier F (2008) Hypoxia-
induced apelin expression regulates endothelial cell proliferation and regenerative angiogenesis.
Circ Res 103(4):432-440

Ezaki T, Baluk P, Thurston G, La Barbara BA, Woo C, McDonald DM (2001) Time course of
endothelial cell proliferation and microvascular remodeling in chronic inflammation. Am J Pathol
158(6):2043-2055

Farrell GC, Larter CZ (2006) Nonalcoholic fatty liver disease: from steatosis to cirrhosis.
Hepatology 43(2 Suppl 1):S99-S112

Fernandez M, Vizzutti F, Garcia-Pagan JC, Rodes J, Bosch J (2004) Anti-VEGF receptor-2
monoclonal antibody prevents portal-systemic collateral vessel formation in portal hypertensive
mice. Gastroenterology 126(3):886—894

Fernandez M, Mejias M, Angermayr B, Garcia-Pagan JC, Rodes J, Bosch J (2005) Inhibition of
VEGEF receptor-2 decreases the development of hyperdynamic splanchnic circulation and portal-
systemic collateral vessels in portal hypertensive rats. J Hepatol 43(1):98-103

Fernandez M, Mejias M, Garcia-Pras E, Mendez R, Garcia-Pagan JC, Bosch J (2007) Reversal of
portal hypertension and hyperdynamic splanchnic circulation by combined vascular endothelial
growth factor and platelet-derived growth factor blockade in rats. Hepatology 46(4):1208—-1217

Fernandez-Varo G, Ros J, Morales-Ruiz M, Cejudo-Martin P, Arroyo V, Sole M, Rivera F, Rodes J,
Jimenez W (2003) Nitric oxide synthase 3-dependent vascular remodeling and circulatory
dysfunction in cirrhosis. Am J Pathol 162(6):1985-1993

Fiorucci S, Antonelli E, Morelli O, Mencarelli A, Casini A, Mello T, Palazzetti B, Tallet D, Del
Soldato P, Morelli A (2001) NCX-1000, a NO-releasing derivative of ursodeoxycholic acid,
selectively delivers NO to the liver and protects against development of portal hypertension. Proc
Natl Acad Sci U S A 98(15):8897-8902

Fischer C, Jonckx B, Mazzone M, Zacchigna S, Loges S, Pattarini L, Chorianopoulos E,
Liesenborghs L, Koch M, De Mol M, Autiero M, Wyns S, Plaisance S, Moons L, van
Rooijen N, Giacca M, Stassen JM, Dewerchin M, Collen D, Carmeliet P (2007) Anti-PIGF
inhibits growth of VEGF(R)-inhibitor-resistant tumors without affecting healthy vessels. Cell
131(3):463-475

Fleming I, Busse R (2003) Molecular mechanisms involved in the regulation of the endothelial nitric
oxide synthase. Am J Physiol Regul Integr Comp Physiol 284(1):R1-R12

Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, Franke TF, Papapetropoulos A,
Sessa WC (1999) Regulation of endothelium-derived nitric oxide production by the protein
kinase Akt. Nature 399(6736):597—601

Garcia-Tsao G (2001) Current management of the complications of cirrhosis and portal hyperten-
sion: variceal hemorrhage, ascites, and spontaneous bacterial peritonitis. Gastroenterology
120(3):726-748

Gaskari SA, Liu H, Moezi L, Li Y, Baik SK, Lee SS (2005) Role of endocannabinoids in the
pathogenesis of cirrhotic cardiomyopathy in bile duct-ligated rats. Br J Pharmacol
146(3):315-323

Geerts A, Colle I, De Vriese A, Mortier S, Van Vlierberghe H, Lameire N, De Vos M (2006)
Increased angiogenesis and permeability in the mesenteric microvasculature of rats with cirrhosis
and portal hypertension: an in vivo study. Liver Int 26:889—898

Geller DA, Goss JA, Tsung A (2009) Liver. In: Brunicardi FC, Andersen DK, Billiar TR, Dunn DL,
Hubter JG, Matthews JB, Pollock RE (eds) Principles of surgery, 9th edn. McGraw-Hill Profes-
sional, New York, pp 31-1-31-42

Page 30 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Gilbert A, Villaret M (1906) Contribution al’etude du syndrome d’hypertension portale; cytologie
des liquides d’ascite dans less cirrhoses. C R Soc Biol 60:820-823

Gines P, Cardenas A, Arroyo V, Rodes J (2004) Management of cirrhosis and ascites. N Engl ] Med
350(16):1646—-1654

Gressner AM, Bachem MG (1994) Cellular communications and cell-matrix interactions in the
pathogenesis of fibroproliferative diseases: liver fibrosis as a paradigm. Ann Biol Clin
52(3):205-226

Groszmann RJ, Wongcharatrawee S (2004) The hepatic venous pressure gradient: anything worth
doing should be done right. Hepatology 39(2):280-282

Groszmann RJ, Kravetz D, Bosch J, Glickman M, Bruix J, Bredfeldt J, Conn HO, Rodes J, Storer
EH (1982a) Nitroglycerin improves the hemodynamic response to vasopressin in portal hyper-
tension. Hepatology 2(6):757-762

Groszmann RJ, Vorobioff J, Riley E (1982b) Splanchnic hemodynamics in portal-hypertensive rats:
measurement with gamma-labeled microspheres. Am J Physiol 242(2):G156—-G160

Guarner C, Soriano G, Tomas A, Bulbena O, Novella MT, Balanzo J, Vilardell F, Mourelle M,
Moncada S (1993) Increased serum nitrite and nitrate levels in patients with cirrhosis: relationship
to endotoxemia. Hepatology 18(5):1139-1143

Gupta TK, Toruner M, Chung MK, Groszmann RJ (1998) Endothelial dysfunction and decreased
production of nitric oxide in the intrahepatic microcirculation of cirrhotic rats. Hepatology
28(4):926-931

Halin C, Detmar M (2008) Chapter 1. Inflammation, angiogenesis, and lymphangiogenesis.
Methods Enzymol 445:1-25

Hartleb M, Moreau R, Cailmail S, Gaudin C, Lebrec D (1994) Vascular hyporesponsiveness to
endothelin 1 in rats with cirrhosis. Gastroenterology 107(4):1085—-1093

Harvey W (1931) Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus: an English
translation with annotations, 1st edn. Charles C. Thomas, Springfield

Heller J, Sogni P, Tazi KA, Chagneau C, Poirel O, Moreau R, Lebrec D (1999) Abnormal regulation
of aortic NOS, and NOS; activity and expression from portal vein-stenosed rats after lipopoly-
saccharide administration. Hepatology 30(3):698—704

Hendrickson H, Chatterjee S, Cao S, Ruiz MM, Sessa WC, Shah V (2003) Influence of caveolin on
constitutively activated recombinant eNOS: insights into eNOS dysfunction in BDL rat liver. Am
J Physiol Gastrointest Liver Physiol 285(3):G652—G660

Herath CB, Grace JA, Angus PW (2013) Therapeutic potential of targeting the renin angiotensin
system in portal hypertension. World J Gastrointest Pathophysiol 4(1):1-11

Hernandez-Guerra M, Garcia-Pagan JC, Turnes J, Bellot P, Deulofeu R, Abraldes JG, Bosch
J (2006) Ascorbic acid improves the intrahepatic endothelial dysfunction of patients with cirrhosis
and portal hypertension. Hepatology 43(3):485-491

Holmes CL, Landry DW, Granton JT (2003) Science review: vasopressin and the cardiovascular
system part 1-receptor physiology. Crit Care 7(6):427-434

Holmes CL, Landry DW, Granton JT (2004) Science review: vasopressin and the cardiovascular
system part 2 — clinical physiology. Crit Care 8(1):15-23

Horiuchi Y, Fujii T, Kamimura Y, Kawashima K (2003) The endogenous, immunologically active
peptide apelin inhibits lymphocytic cholinergic activity during immunological responses.
J Neuroimmunol 144(1-2):46-52

Hosoya M, Kawamata Y, Fukusumi S, Fujii R, Habata Y, Hinuma S, Kitada C, Honda S,
Kurokawa T, Onda H, Nishimura O, Fujino M (2000) Molecular and functional characteristics

Page 31 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

of APJ. Tissue distribution of mRNA and interaction with the endogenous ligand apelin. J Biol
Chem 275(28):21061-21067

Ide M, Kuwamura M, Kotani T, Sawamoto O, Yamate J (2005) Effects of gadolinium chloride
(GdCI(3)) on the appearance of macrophage populations and fibrogenesis in thioacetamide-
induced rat hepatic lesions. J] Comp Pathol 133(2-3):92-102

Ignarro LJ, Adams JB, Horwitz PM, Wood KS (1986) Activation of soluble guanylate cyclase by
NO-hemoproteins involves NO-heme exchange. Comparison of heme-containing and heme-
deficient enzyme forms. J Biol Chem 261(11):4997-5002

lizuka M, Murata T, Hori M, Ozaki H (2011) Increased contractility of hepatic stellate cells in
cirrhosis is mediated by enhanced Ca>" — dependent and Ca®" — sensitization pathways. Am
J Physiol Gastrointest Liver Physiol 300(6):G1010-G1021

Imamura M, Ogawa T, Sasaguri Y, Chayama K, Ueno H (2005) Suppression of macrophage
infiltration inhibits activation of hepatic stellate cells and liver fibrogenesis in rats. Gastroenter-
ology 128(1):138-146

Iredale JP (2007) Models of liver fibrosis: exploring the dynamic nature of inflammation and repair
in a solid organ. J Clin Invest 117(3):539-548

Ishida J, Hashimoto T, Hashimoto Y, Nishiwaki S, Iguchi T, Harada S, Sugaya T, Matsuzaki H,
Yamamoto R, Shiota N, Okunishi H, Kihara M, Umemura S, Sugiyama F, Yagami K, Kasuya Y,
Mochizuki N, Fukamizu A (2004) Regulatory roles for APJ, a seven-transmembrane receptor
related to angiotensin-type 1 receptor in blood pressure in vivo. J Biol Chem
279(25):26274-26279

Iwakiri Y, Cadelina G, Sessa WC, Groszmann RJ (2002) Mice with targeted deletion of eNOS
develop hyperdynamic circulation associated with portal hypertension. Am J Physiol Gastrointest
Liver Physiol 283(5):G1074—-G1081

Jackson TS, Xu A, Vita JA, Keaney JF Jr (1998) Ascorbate prevents the interaction of superoxide
and nitric oxide only at very high physiological concentrations. Circ Res 83(9):916-922

Javelaud D, Mauviel A (2004) Mammalian transforming growth factor-betas: Smad signaling and
physio-pathological roles. Int J Biochem Cell Biol 36(7):1161-1165

Jimenez W (2005) Endocannabinoids and liver disease. Hepatology 41(5):983-985

Jimenez W, Claria J, Arroyo V, Rodes J (1992) Carbon tetrachloride induced cirrhosis in rats:
a useful tool for investigating the pathogenesis of ascites in chronic liver disease. J Gastroenterol
Hepatol 7(1):90-97

Jorda MA, Verbakel SE, Valk PJ, Vankan-Berkhoudt YV, Maccarrone M, Finazzi-Agro A,
Lowenberg B, Delwel R (2002) Hematopoietic cells expressing the peripheral cannabinoid
receptor migrate in response to the endocannabinoid 2-arachidonoylglycerol. Blood
99(8):2786-2793

Karaa A, Kamoun WS, Xu H, Zhang J, Clemens MG (2006) Differential effects of oxidative stress
on hepatic endothelial and Kupffer cell eicosanoid release in response to endothelin-1. Microcir-
culation 13(6):457-466

Kawamata Y, Habata Y, Fukusumi S, Hosoya M, Fujii R, Hinuma S, Nishizawa N, Kitada C,
Onda H, Nishimura O, Fujino M (2001) Molecular properties of apelin: tissue distribution and
receptor binding. Biochim Biophys Acta 1538(2-3):162—-171

Klein TW (2005) Cannabinoid-based drugs as anti-inflammatory therapeutics. Nat Rev Immunol
5(5):400411

Knittel T, Aurisch S, Neubauer K, Eichhorst S, Ramadori G (1996) Cell-type-specific expression of
neural cell adhesion molecule (N-CAM) in Ito cells of rat liver. Up-regulation during in vitro
activation and in hepatic tissue repair. Am J Pathol 149(2):449-462

Page 32 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Kunos G, Osei-Hyiaman D (2008) Endocannabinoids and liver disease. IV. Endocannabinoid
involvement in obesity and hepatic steatosis. Am J Physiol Gastrointest Liver Physiol 294(5):
G1101-G1104

La Villa G, Barletta G, Pantaleo P, Del Bene R, Vizzutti F, Vecchiarino S, Masini E, Perfetto F,
Tarquini R, Gentilini P, Laffi G (2001) Hemodynamic, renal, and endocrine effects of acute
inhibition of nitric oxide synthase in compensated cirrhosis. Hepatology 34(1):19-27

Lafon ME, Bioulac-Sage P, LeBail N (1989) Nerves and perisinusoidal cells in human liver. In:
Wisse E, Knook DL, Decker K (eds) Cells of hepatic sinusoid, 1st edn. Kupffer Cell Foundation,
Rijswijk, pp 230-234

Lamas S, Marsden PA, Li GK, Tempst P, Michel T (1992) Endothelial nitric oxide synthase:
molecular cloning and characterization of a distinct constitutive enzyme isoform. Proc Natl
Acad Sci U S A 89(14):6348-6352

Larter CZ, Chitturi S, Heydet D, Farrell GC (2010) A fresh look at NASH pathogenesis. Part 1: the
metabolic movers. J Gastroenterol Hepatol 25(4):672—690

Lassen U, Nielsen D, Sorensen M, Ronnengart E, Eldrup K, Bentzon K, Winstedt L, Niskanen T,
Stenberg Y, Pakola S et al (2009) A phase I, dose escalation study of TB-403, a monoclonal
antibody directed against PIGF, in patients with solid tumors. Mol Cancer Ther 8:A111 [Abstract]

Lavina B, Gracia-Sancho J, Rodriguez-Vilarrupla A, Chu Y, Heistad DD, Bosch J, Garcia-Pagan JC
(2009) Superoxide dismutase gene transfer reduces portal pressure in CCl4 cirrhotic rats with
portal hypertension. Gut 58(1):118-125

Lebrec D, Poynard T, Hillon P, Benhamou JP (1981) Propranolol for prevention of recurrent
gastrointestinal bleeding in patients with cirrhosis: a controlled study. N Engl J Med
305(23):1371-1374

Lebrec D, Moreau R, Cailmail S, Sogni P, Oberti F, Hadengue A (1993) Effects of terlipressin on
hemodynamics and oxygen content in conscious portal vein stenosed and cirrhotic rats receiving
propranolol. J Hepatol 17(1):102—-107

Lee FY, Albillos A, Colombato LA, Groszmann RJ (1992) The role of nitric oxide in the vascular
hyporesponsiveness to methoxamine in portal hypertensive rats. Hepatology 16(4):1043—-1048

LiG,Han C, XuL, Lim K, Isse K, Wu T (2009) Cyclooxygenase-2 prevents fas-induced liver injury
through up-regulation of epidermal growth factor receptor. Hepatology 50(3):834—843

Liu H, Song D, Lee SS (1999) Increased nitric oxide synthase expression in aorta of cirrhotic rats.
Life Sci 64(19):1753-1759

Liu S, Premont RT, Kontos CD, Zhu S, Rockey DC (2005) A crucial role for GRK?2 in regulation of
endothelial cell nitric oxide synthase function in portal hypertension. Nat Med 11(9):952-958

Longhi MS, Hussain MJ, Mitry RR, Arora SK, Mieli-Vergani G, Vergani D, Ma Y (2006) Func-
tional study of CD*" CD**" regulatory T cells in health and autoimmune hepatitis. J Immunol
176(7):4484-4491

Lotersztajn S, Julien B, Teixeira-Clerc F, Grenard P, Mallat A (2005) Hepatic fibrosis: molecular
mechanisms and drug targets. Annu Rev Pharmacol Toxicol 45:605-628

Lowenstein CJ, Glatt CS, Bredt DS, Snyder SH (1992) Cloned and expressed macrophage nitric
oxide synthase contrasts with the brain enzyme. Proc Natl Acad Sci U S A 89(15):6711-6715

Ludwig J, Hashimoto E, Obata H, Baldus WP (1993) Idiopathic portal hypertension. Hepatology
17(6):1157-1162

Lyons CR, Orloff GJ, Cunningham JM (1992) Molecular cloning and functional expression of an
inducible nitric oxide synthase from a murine macrophage cell line. J Biol Chem
267(9):6370-6374

Page 33 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Mallat A, Teixeira-Clerc F, Deveaux V, Manin S, Lotersztajn S (2011) The endocannabinoid system
as a key mediator during liver diseases: new insights and therapeutic openings. Br J Pharmacol
163(7):1432—-1440

Marquez-Aguirre A, Sandoval-Rodriguez A, Gonzalez-Cuevas J, Bueno-Topete M, Navarro-
Partida J, rellano-Olivera I, Lucano-Landeros S, rmendariz-Borunda J (2009) Adenoviral delivery
of dominant-negative transforming growth factor beta type Il receptor up-regulates transcriptional
repressor SKI-like oncogene, decreases matrix metalloproteinase 2 in hepatic stellate cell and
prevents liver fibrosis in rats. J] Gene Med 11(3):207-219

Marra F, Pinzani M (2002) Role of hepatic stellate cells in the pathogenesis of portal hypertension.
Nefrologia 22(Suppl 5):34—40

Martell M, Coll M, Ezkurdia N, Raurell I, Genesca J (2010) Physiopathology of splanchnic
vasodilation in portal hypertension. World J Hepatol 2(6):208-220

Martin PY, Xu DL, Niederberger M, Weigert A, Tsai P, St John J, Gines P, Schrier RW
(1996) Upregulation of endothelial constitutive NOS: a major role in the increased NO production
in cirrhotic rats. Am J Physiol 270(3 Pt 2):F494-F499

Martinez-Clemente M, Ferre N, Gonzalez-Periz A, Lopez-Parra M, Horrillo R, Titos E, Moran-
Salvador E, Miquel R, Arroyo V, Funk CD, Claria J (2010a) 5-lipoxygenase deficiency reduces
hepatic inflammation and tumor necrosis factor alpha-induced hepatocyte damage in
hyperlipidemia-prone ApoE-null mice. Hepatology 51(3):817-827

Martinez-Clemente M, Ferre N, Titos E, Horrillo R, Gonzalez-Periz A, Moran-Salvador E, Lopez-
Vicario C, Miquel R, Arroyo V, Funk CD, Claria J (2010b) Disruption of the 12/15-lipoxygenase
gene (Alox15) protects hyperlipidemic mice from nonalcoholic fatty liver disease. Hepatology
52(6):1980-1991

Masri B, Lahlou H, Mazarguil H, Knibiehler B, Audigier Y (2002) Apelin (65-77) activates
extracellular signal-regulated kinases via a PTX-sensitive G protein. Biochem Biophys Res
Commun 290(1):539-545

Masri B, Morin N, Cornu M, Knibiehler B, Audigier Y (2004) Apelin (65-77) activates p70 S6
kinase and is mitogenic for umbilical endothelial cells. FASEB J 18(15):1909-1911

Massague J, Seoane J, Wotton D (2005) Smad transcription factors. Genes Dev 19(23):2783-2810

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI (1990) Structure of a cannabinoid
receptor and functional expression of the cloned cDNA. Nature 346(6284):561-564

Matsumoto A, Ogura K, Hirata Y, Kakoki M, Watanabe F, Takenaka K, Shiratori Y, Momomura S,
Omata M (1995) Increased nitric oxide in the exhaled air of patients with decompensated liver
cirrhosis. Ann Intern Med 123(2):110-113

Mause SF, Weber C (2010) Microparticles: protagonists of a novel communication network for
intercellular information exchange. Circ Res 107(9):1047-1057

Mazzanti R, Messerini L, Monsacchi L, Buzzelli G, Zignego AL, Foschi M, Monti M, Laffi G,
Morbidelli L, Fantappie O, Bartoloni Saint OF, Ziche M (1997) Chronic viral hepatitis induced by
hepatitis C but not hepatitis B virus infection correlates with increased liver angiogenesis.
Hepatology 25(1):229-234

Medina J, Caveda L, Sanz-Cameno P, Arroyo AG, Martin-Vilchez S, Majano PL, Garcia-Buey L,
Sanchez-Madrid F, Moreno-Otero R (2003) Hepatocyte growth factor activates endothelial
proangiogenic mechanisms relevant in chronic hepatitis C-associated neoangiogenesis.
J Hepatol 38(5):660-667

Melgar-Lesmes P, Casals G, Pauta M, Ros J, Reichenbach V, Bataller R, Morales-Ruiz M, Jimenez
W (2010) Apelin mediates the induction of profibrogenic genes in human hepatic stellate cells.
Endocrinology 151(11):5306-5314

Page 34 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Melgar-Lesmes P, Pauta M, Reichenbach V, Casals G, Ros J, Bataller R, Morales-Ruiz M, Jimenez
W (2011) Hypoxia and proinflammatory factors upregulate apelin receptor expression in human
stellate cells and hepatocytes. Gut 60(10):1404—1411

Ming XF, Viswambharan H, Barandier C, Ruffieux J, Kaibuchi K, Rusconi S, Yang Z (2002) Rho
GTPase/Rho kinase negatively regulates endothelial nitric oxide synthase phosphorylation
through the inhibition of protein kinase B/Akt in human endothelial cells. Mol Cell Biol
22(24):8467-8477

Mittal MK, Gupta TK, Lee FY, Sieber CC, Groszmann RJ (1994) Nitric oxide modulates hepatic
vascular tone in normal rat liver. Am J Physiol 267(3 Pt 1):G416-G422

Miyata E, Masuya M, Yoshida S, Nakamura S, Kato K, Sugimoto Y, Shibasaki T, Yamamura K,
Ohishi K, Nishii K, Ishikawa F, Shiku H, Katayama N (2008) Hematopoietic origin of hepatic
stellate cells in the adult liver. Blood 111(4):2427-2435

Moezi L, Gaskari SA, Liu H, Baik SK, Dehpour AR, Lee SS (2006) Anandamide mediates
hyperdynamic circulation in cirrhotic rats via CB(1) and VR(1) receptors. Br J Pharmacol
149(7):898-908

Moore KP, Wong F, Gines P, Bernardi M, Ochs A, Salerno F, Angeli P, Porayko M, Moreau R,
Garcia-Tsao G, Jimenez W, Planas R, Arroyo V (2003) The management of ascites in cirrhosis:
report on the consensus conference of the International Ascites Club. Hepatology 38(1):258-266

Morales-Ruiz M, Jimenez W, Perez-Sala D, Ros J, Leivas A, Lamas S, Rivera F, Arroyo V (1996)
Increased nitric oxide synthase expression in arterial vessels of cirrhotic rats with ascites.
Hepatology 24(6):1481-1486

Morales-Ruiz M, Cejudo-Martin P, Fernandez-Varo G, Tugues S, Ros J, Angeli P, Rivera F,
Arroyo V, Rodes J, Sessa WC, Jimenez W (2003) Transduction of the liver with activated Akt
normalizes portal pressure in cirrhotic rats. Gastroenterology 125(2):522-531

Morales-Ruiz M, Tugues S, Cejudo-Martin P, Ros J, Melgar-Lesmes P, Fernandez-Llama P,
Arroyo V, Rodes J, Jimenez W (2005) Ascites from cirrhotic patients induces angiogenesis
through the phosphoinositide 3-kinase/Akt signaling pathway. J Hepatol 43(1):85-91

Mori T, Okanoue T, Sawa Y, Hori N, Ohta M, Kagawa K (1993) Defenestration of the sinusoidal
endothelial cell in a rat model of cirrhosis. Hepatology 17(5):891-897

Moustakas A, Pardali K, Gaal A, Heldin CH (2002) Mechanisms of TGF-beta signaling in
regulation of cell growth and differentiation. Immunol Lett 82(1-2):85-91

Munoz-Luque J, Ros J, Fernandez-Varo G, Tugues S, Morales-Ruiz M, Alvarez CE, Friedman SL,
Arroyo V, Jimenez W (2008) Regression of fibrosis after chronic stimulation of cannabinoid CB2
receptor in cirrhotic rats. J Pharmacol Exp Ther 324(2):475-483

Munro S, Thomas KL, bu-Shaar M (1993) Molecular characterization of a peripheral receptor for
cannabinoids. Nature 365(6441):61-65

Myers JD, Taylor WJ (1956) Occlusive hepatic venous catheterization in the study of the normal
liver, cirrhosis of the liver and noncirrhotic portal hypertension. Circulation 13(3):368-380

Niederberger M, Martin PY, Gines P, Morris K, Tsai P, Xu DL, McMurtry I, Schrier RW (1995) Nor-
malization of nitric oxide production corrects arterial vasodilation and hyperdynamic circulation
in cirrhotic rats. Gastroenterology 109(5):1624-1630

Niederberger M, Gines P, Martin PY, Tsai P, Morris K, McMurtry I, Schrier RW (1996) Comparison
of vascular nitric oxide production and systemic hemodynamics in cirrhosis versus prehepatic
portal hypertension in rats. Hepatology 24(4):947-951

Novobrantseva TI, Majeau GR, Amatucci A, Kogan S, Brenner I, Casola S, Shlomchik MJ,
Koteliansky V, Hochman PS, Ibraghimov A (2005) Attenuated liver fibrosis in the absence of
B cells. J Clin Invest 115(11):3072-3082

Page 35 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Omanwar S, Rizvi MR, Kathayat R, Sharma BK, Pandey GK, Alam MA, Pandey GK, Malhotra V,
Sarin SK (2004) A rabbit model of non-cirrhotic portal hypertension by repeated injections of
E. coli through indwelling cannulation of the gastrosplenic vein. Hepatobiliary Pancreat Dis Int
3(3):417-422

Parola M, Robino G (2001) Oxidative stress-related molecules and liver fibrosis. J Hepatol
35(2):297-306

Patsenker E, Popov Y, Stickel F, Schneider V, Ledermann M, Sagesser H, Niedobitek G, Goodman
SL, Schuppan D (2009) Pharmacological inhibition of integrin alphavbeta3 aggravates experi-
mental liver fibrosis and suppresses hepatic angiogenesis. Hepatology 50(5):1501-1511

Pennica D, Nedwin GE, Hayflick JS, Seeburg PH, Derynck R, Palladino MA, Kohr WJ, Aggarwal
BB, Goeddel DV (1984) Human tumour necrosis factor: precursor structure, expression and
homology to lymphotoxin. Nature 312(5996):724—729

Pinzani M, Vizzutti F (2010) Anatomy and vascular biology of the cells in the portal circulation. In:
Sanyal AJ, Shah VH (eds) Portal hypertension: pathobiology, evaluation, and treatment, 1st edn.
Humana Press, Totowa, pp 15-35

Pinzani M, Gesualdo L, Sabbah GM, Abboud HE (1989) Effects of platelet-derived growth factor
and other polypeptide mitogens on DNA synthesis and growth of cultured rat liver fat-storing
cells. J Clin Invest 84(6):1786—1793

Pizcueta MP, Garcia-Pagan JC, Fernandez M, Casamitjana R, Bosch J, Rodes J (1991) Glucagon
hinders the effects of somatostatin on portal hypertension. A study in rats with partial portal vein
ligation. Gastroenterology 101(6):1710-1715

Poli G, Parola M (1997) Oxidative damage and fibrogenesis. Free Radic Biol Med 22(1-2):287-305

Principe A, Melgar-Lesmes P, Fernandez-Varo G, del Arbol LR, Ros J, Morales-Ruiz M,
Bernardi M, Arroyo V, Jimenez W (2008) The hepatic apelin system: a new therapeutic target
for liver disease. Hepatology 48(4):1193-1201

Radaeva S, Sun R, Jaruga B, Nguyen VT, Tian Z, Gao B (2006) Natural killer cells ameliorate liver
fibrosis by killing activated stellate cells in NKG2D-dependent and tumor necrosis factor-related
apoptosis-inducing ligand-dependent manners. Gastroenterology 130(2):435-452

Rautou PE, Bresson J, Sainte-Marie Y, Vion AC, Paradis V, Renard JM, Devue C, Heymes C,
Letteron P, Elkrief L, Lebrec D, Valla D, Tedgui A, Moreau R, Boulanger CM (2012) Abnormal
plasma microparticles impair vasoconstrictor responses in patients with cirrhosis. Gastroenterol-
ogy 143(1):166-176

Reichenbach V, Ros J, Fernandez-Varo G, Casals G, Melgar-Lesmes P, Campos T, Makriyannis A,
Morales-Ruiz M, Jimenez W (2012) Prevention of fibrosis progression in CCl4-treated rats: role
of the hepatic endocannabinoid and apelin systems. J Pharmacol Exp Ther 340(3):629-637

Reichenbach V, Munoz-Luque J, Ros J, Casals G, Navasa M, Fernandez-Varo G, Morales-Ruiz M,
Jimenez W (2013) Bacterial lipopolysaccharide inhibits CB2 receptor expression in human
monocytic cells. Gut 62(7):1089—1091

Reynaert H, Geerts A (2003) Pharmacological rationale for the use of somatostatin and analogues in
portal hypertension. Aliment Pharmacol Ther 18(4):375-386

Ribera J, Pauta M, Melgar-Lesmes P, Tugues S, Fernandez-Varo G, Held KF, Soria G, Tudela R,
Planas AM, Fernandez-Hernando C, Arroyo V, Jimenez W, Morales-Ruiz M (2013) Increased
nitric oxide production in lymphatic endothelial cells causes impairment of lymphatic drainage in
cirrhotic rats. Gut 62(1):138-145

Ricciotti E, FitzGerald GA (2011) Prostaglandins and inflammation. Arterioscler Thromb Vasc Biol
31(5):986-1000

Page 36 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Riisbro R, Larsson L, Winsted L, Niskanen T, Pakola S, Stassen JM, Lassen U, Glazer S (2009)
A first-in-man phase I dose escalation study of TB403, a monoclonal antibody directed against
PIGF in healthy male subjects. Mol Cancer Ther 8:A3 [Abstract]

Rockey DC, Chung JJ (1998) Reduced nitric oxide production by endothelial cells in cirrhotic rat
liver: endothelial dysfunction in portal hypertension. Gastroenterology 114(2):344-351

Romero-Sandoval EA, Horvath R, Landry RP, DeLeo JA (2009) Cannabinoid receptor type
2 activation induces a microglial anti-inflammatory phenotype and reduces migration via MKP
induction and ERK dephosphorylation. Mol Pain 5:25

Ros J, Claria J, To-Figueras J, Planaguma A, Cejudo-Martin P, Fernandez-Varo G, Martin-Ruiz R,
Arroyo V, Rivera F, Rodes J, Jimenez W (2002) Endogenous cannabinoids: a new system
involved in the homeostasis of arterial pressure in experimental cirrhosis in the rat. Gastroenter-
ology 122(1):85-93

Rosmorduc O, Wendum D, Corpechot C, Galy B, Sebbagh N, Raleigh J, Housset C, Poupon
R (1999) Hepatocellular hypoxia-induced vascular endothelial growth factor expression and
angiogenesis in experimental biliary cirrhosis. Am J Pathol 155(4):1065-1073

Ross AG, Bartley PB, Sleigh AC, Olds GR, Li Y, Williams GM, McManus DP (2002) Schistoso-
miasis. N Engl J Med 346(16):1212-1220

Rudic RD, Sessa WC (1999) Nitric oxide in endothelial dysfunction and vascular remodeling:
clinical correlates and experimental links. Am J Hum Genet 64(3):673—-677

Ruiz-del-Arbol L, Monescillo A, Arocena C, Valer P, Gines P, Moreira V, Milicua JM, Jimenez W,
Arroyo V (2005) Circulatory function and hepatorenal syndrome in cirrhosis. Hepatology
42(2):439-447

Ruscica M, Arvigo M, Steffani L, Ferone D, Magni P (2013) Somatostatin, somatostatin analogs and
somatostatin receptor dynamics in the biology of cancer progression. Curr Mol Med
13(4):555-571

Saito JM, Bostick MK, Campe CB, Xu J, Maher JJ (2003) Infiltrating neutrophils in bile duct-ligated
livers do not promote hepatic fibrosis. Hepatol Res 25(2):180-191

Sakamoto M, Ueno T, Nakamura T, Sakata R, Hasimoto O, Torimura T, Sata M (2005) Improvement
of portal hypertension and hepatic blood flow in cirrhotic rats by oestrogen. Eur J Clin Invest
35(3):220-225

Samuelsson B, Dahlen SE, Lindgren JA, Rouzer CA, Serhan CN (1987) Leukotrienes and lipoxins:
structures, biosynthesis, and biological effects. Science 237(4819):1171-1176

Sandblom P (1993) The history of portal hypertension. J R Soc Med 86(9):544—-546

Sarela Al, Mihaimeed FM, Batten JJ, Davidson BR, Mathie RT (1999) Hepatic and splanchnic nitric
oxide activity in patients with cirrhosis. Gut 44(5):749-753

Sarin SK, Wadhawan M (2005) Noncirrhotic portal hypertension and portal vein thrombosis. In:
Sanyal AJ, Shah VH (eds) Portal hypertension, pathobiology, evaluation, and treatment, 1st edn.
Humana Press, Totowa, pp 411-432

Sarin SK, Kumar A, Chawla YK, Baijal SS, Dhiman RK, Jafri W, Lesmana LA, Guha MD,
Omata M, Qureshi H, Raza RM, Sahni P, Sakhuja P, Salih M, Santra A, Sharma BC, Sharma P,
Shiha G, Sollano J (2007) Noncirrhotic portal fibrosis/idiopathic portal hypertension: APASL
recommendations for diagnosis and treatment. Hepatol Int 1(3):398—413

Schnabl B, Kweon YO, Frederick JP, Wang XF, Rippe RA, Brenner DA (2001) The role of Smad3 in
mediating mouse hepatic stellate cell activation. Hepatology 34(1):89—-100

Schuppan D, Afdhal NH (2008) Liver cirrhosis. Lancet 371(9615):838-851

Page 37 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Scott IC, Masri B, D’Amico LA, Jin SW, Jungblut B, Wehman AM, Baier H, Audigier Y, Stainier
DY (2007) The g protein-coupled receptor agtrllb regulates early development of myocardial
progenitors. Dev Cell 12(3):403—413

Semela D, Das A, Langer D, Kang N, Leof E, Shah V (2008) Platelet-derived growth factor
signaling through ephrin-b2 regulates hepatic vascular structure and function. Gastroenterology
135(2):671-679

Serhan CN, Savill J (2005) Resolution of inflammation: the beginning programs the end. Nat
Immunol 6(12):1191-1197

Sessa WC, Harrison JK, Barber CM, Zeng D, Durieux ME, D’Angelo DD, Lynch KR, Peach MJ
(1992) Molecular cloning and expression of a ¢cDNA encoding endothelial cell nitric oxide
synthase. J Biol Chem 267(22):15274-15276

Shah VH, Kamath PS (2010) Portal hypertension and gastrointestinal bleeding. In: Feldman M,
Friedman LS (eds) Gastrointestinal and liver disease: pathophysiology, diagnosis, management,
9th edn. Saunders, Philadelphia, pp 1489-1516

Shah V, Haddad FG, Garcia-Cardena G, Frangos JA, Mennone A, Groszmann RJ, Sessa WC
(1997) Liver sinusoidal endothelial cells are responsible for nitric oxide modulation of resistance
in the hepatic sinusoids. J Clin Invest 100(11):2923-2930

Shah V, Toruner M, Haddad F, Cadelina G, Papapetropoulos A, Choo K, Sessa WC, Groszmann RJ
(1999) Impaired endothelial nitric oxide synthase activity associated with enhanced caveolin
binding in experimental cirrhosis in the rat. Gastroenterology 117(5):1222—-1228

Shah V, Cao S, Hendrickson H, Yao J, Katusic ZS (2001) Regulation of hepatic eNOS by caveolin
and calmodulin after bile duct ligation in rats. Am J Physiol Gastrointest Liver Physiol 280(6):
G1209-G1216

Shibayama Y, Nakata K (1992) Role of septal fibrosis in development of hepatic circulatory
disturbance in the presence of liver cell enlargement. Liver 12(2):84-89

Sieber CC, Groszmann RJ (1992) In vitro hyporeactivity to methoxamine in portal hypertensive
rats: reversal by nitric oxide blockade. Am J Physiol 262(6 Pt 1):G996-G1001

Sieber CC, Lopez-Talavera JC, Groszmann RJ (1993) Role of nitric oxide in the in vitro splanchnic
vascular hyporeactivity in ascitic cirrhotic rats. Gastroenterology 104(6):1750—1754

Sieber CC, Sumanovski LT, Stumm M, van der KM, Battegay E (2001) In vivo angiogenesis in
normal and portal hypertensive rats: role of basic fibroblast growth factor and nitric oxide.
J Hepatol 34(5):644—650

Simeonova PP, Gallucci RM, Hulderman T, Wilson R, Kommineni C, Rao M, Luster MI (2001) The
role of tumor necrosis factor-alpha in liver toxicity, inflammation, and fibrosis induced by carbon
tetrachloride. Toxicol Appl Pharmacol 177(2):112—-120

Sogni P, Garnier P, Gadano A, Moreau R, Dall’ Ava-Santucci J, Dinh-Xuan AT, Lebrec D (1995)
Endogenous pulmonary nitric oxide production measured from exhaled air is increased in patients
with severe cirrhosis. J Hepatol 23(4):471-473

Stavitsky AB (2004) Regulation of granulomatous inflammation in experimental models of schis-
tosomiasis. Infect Immun 72(1):1-12

Stoyanova II, Gulubova MV (2000) Immunocytochemical study on the liver innervation in patients
with cirrhosis. Acta Histochem 102(4):391-402

Stumm MM, D’Orazio D, Sumanovski LT, Martin PY, Reichen J, Sieber CC (2002) Endothelial, but
not the inducible, nitric oxide synthase is detectable in normal and portal hypertensive rats. Liver
22(6):441-450

Sumanovski LT, Battegay E, Stumm M, van der KM, Sieber CC (1999) Increased angiogenesis in
portal hypertensive rats: role of nitric oxide. Hepatology 29(4):1044—1049

Page 38 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Sumariwalla PF, Gallily R, Tchilibon S, Fride E, Mechoulam R, Feldmann M (2004) A novel
synthetic, nonpsychoactive cannabinoid acid (HU-320) with antiinflammatory properties in
murine collagen-induced arthritis. Arthritis Rheum 50(3):985-998

Suzuki-Yamamoto T, Yokoi H, Tsuruo Y, Watanabe K, Ishimura K (1999) Identification of prosta-
glandin F-producing cells in the liver. Histochem Cell Biol 112(6):451-456

Svistounov D, Warren A, McNerney GP, Owen DM, Zencak D, Zykova SN, Crane H, Huser T,
Quinn RJ, Smedsrod B, Le Couteur DG, Cogger VC (2012) The relationship between fenestra-
tions, sieve plates and rafts in liver sinusoidal endothelial cells. PLoS One 7(9):e46134

Szokodi I, Tavi P, Foldes G, Voutilainen-Myllyla S, Ilves M, Tokola H, Pikkarainen S, Piuhola J,
Rysa J, Toth M, Ruskoaho H (2002) Apelin, the novel endogenous ligand of the orphan receptor
AP]J, regulates cardiac contractility. Circ Res 91(5):434-440

Taddei S, Virdis A, Ghiadoni L, Magagna A, Salvetti A (1998) Vitamin C improves endothelium-
dependent vasodilation by restoring nitric oxide activity in essential hypertension. Circulation
97(22):2222-2229

Tandon P, Abraldes JG, Berzigotti A, Garcia-Pagan JC, Bosch J (2010) Renin-angiotensin-
aldosterone inhibitors in the reduction of portal pressure: a systematic review and meta-analysis.
J Hepatol 53(2):273-282

Tatemoto K, Hosoya M, Habata Y, Fujii R, Kakegawa T, Zou MX, Kawamata Y, Fukusumi S,
Hinuma S, Kitada C, Kurokawa T, Onda H, Fujino M (1998) Isolation and characterization of
a novel endogenous peptide ligand for the human APJ receptor. Biochem Biophys Res Commun
251(2):471-476

Taura K, De Minicis S, Seki E, Hatano E, Iwaisako K, Osterreicher CH, Kodama Y, Miura K, Ikai I,
Uemoto S, Brenner DA (2008) Hepatic stellate cells secrete angiopoietin 1 that induces angio-
genesis in liver fibrosis. Gastroenterology 135(5):1729—-1738

Theodorakis NG, Wang YN, Skill NJ, Metz MA, Cahill PA, Redmond EM, Sitzmann JV (2003) The
role of nitric oxide synthase isoforms in extrahepatic portal hypertension: studies in gene-
knockout mice. Gastroenterology 124(5):1500-1508

Thiesson HC, Skott O, Jespersen B, Schaffalitzky de Muckadell OB (2003) Nitric oxide synthase
inhibition does not improve renal function in cirrhotic patients with ascites. Am J Gastroenterol
98(1):180-186

Thompson WP, Caughey JL, Whipple AO, Rousselot LM (1937) Splenic vein pressure in conges-
tive splenomegaly (Banti’s syndrome). J Clin Invest 16(4):571-572

Tiani C, Garcia-Pras E, Mejias M, De Gottard A, Berzigotti A, Bosch J, Fernandez M (2009) Apelin
signaling modulates splanchnic angiogenesis and portosystemic collateral vessel formation in rats
with portal hypertension. J Hepatol 50(2):296-305

Ting HH, Timimi FK, Boles KS, Creager SJ, Ganz P, Creager MA (1996) Vitamin C improves
endothelium-dependent vasodilation in patients with non-insulin-dependent diabetes mellitus.
J Clin Invest 97(1):22-28

Titos E, Claria J, Planaguma A, Lopez-Parra M, Gonzalez-Periz A, Gaya J, Miquel R, Arroyo V,
Rodes J (2005) Inhibition of 5-lipoxygenase-activating protein abrogates experimental liver
injury: role of Kupffer cells. J Leukoc Biol 78(4):871-878

Titos E, Ferre N, Lozano JJ, Horrillo R, Lopez-Parra M, Arroyo V, Claria J (2010) Protection from
hepatic lipid accumulation and inflammation by genetic ablation of 5-lipoxygenase. Prostaglan-
dins Other Lipid Mediat 92(1-4):54-61

Tugues S, Fernandez-Varo G, Munoz-Luque J, Ros J, Arroyo V, Rodes J, Friedman SL, Carmeliet P,
Jimenez W, Morales-Ruiz M (2007) Antiangiogenic treatment with sunitinib ameliorates inflam-
matory infiltrate, fibrosis, and portal pressure in cirrhotic rats. Hepatology 46(6):1919-1926

Page 39 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Vallance P, Leiper J (2002) Blocking NO synthesis: how, where and why? Nat Rev Drug Discov
1(12):939-950

Van de Casteele M, Omasta A, Janssens S, Roskams T, Desmet V, Nevens F, Fevery J (2002) In vivo
gene transfer of endothelial nitric oxide synthase decreases portal pressure in anaesthetised carbon
tetrachloride cirrhotic rats. Gut 51(3):440-445

Van de Veire S, Stalmans I, Heindryckx F, Oura H, Tijeras-Raballand A, Schmidt T, Loges S,
Albrecht I, Jonckx B, Vinckier S, Van Steenkiste C, Tugues S, Rolny C, De Mol M, Dettori D,
Hainaud P, Coenegrachts L, Contreres JO, Van Bergen T, Cuervo H, Xiao WH, Le Henaff C,
Buysschaert I, Masouleh BK, Geerts A, Schomber T, Bonnin P, Lambert V, Haustraete J,
Zacchigna S, Rakic JM, JimOnez W, Nodl A, Giacca M, Colle I, Foidart JM, Tobelem G,
Morales-Ruiz M, Vilar J, Maxwell P, Vinores SA, Carmeliet G, Dewerchin M, Claesson-Welsh L,
Dupuy E, Van Vlierberghe H, Christofori G, Mazzone M, Detmar M, Collen D, Carmeliet
P (2010) Further pharmacological and genetic evidence for the efficacy of PIGF inhibition in
cancer and eye disease. Cell 141(1):178-190

Van Steenkiste C, Geerts A, Vanheule E, Van Vlierberghe H, De Vos F, Olievier K, Casteleyn C,
Laukens D, De Vos M, Stassen JM, Carmeliet P, Colle I (2009) Role of placental growth factor in
mesenteric neoangiogenesis in a mouse model of portal hypertension. Gastroenterology
137(6):2112-2124

Van Steenkiste C, Ribera J, Geerts A, Pauta M, Tugues S, Casteleyn C, Libbrecht L, Olievier K,
Schroyen B, Reynaert H, van Grunsven LA, Blomme B, Coulon S, Heindryckx F, De Vos M,
Stassen JM, Vinckier S, Altamirano J, Bataller R, Carmeliet P, Van VH, Colle I, Morales-Ruiz
M (2011) Inhibition of placental growth factor activity reduces the severity of fibrosis, inflam-
mation, and portal hypertension in cirrhotic mice. Hepatology 53(5):1629—-1640

Vesalius A (2013) The fabric of the human body: an annotated translation of the 1543 and 1555
editions of “De Humani Corporis Fabrica Libri Septem”, 1st edn. S.Karger, Basel

Wake K, Motomatsu K, Dan C, Kaneda K (1988) Three-dimensional structure of endothelial cells in
hepatic sinusoids of the rat as revealed by the Golgi method. Cell Tissue Res 253(3):563-571

Wang YQ, Ikeda K, Ikebe T, Hirakawa K, Sowa M, Nakatani K, Kawada N, Kaneda K (2000)
Inhibition of hepatic stellate cell proliferation and activation by the semisynthetic analogue of
fumagillin TNP-470 in rats. Hepatology 32(5):980-989

Wang PF, Jiang LS, Bu J, Huang XJ, Song W, Du YP, He B (2012) Cannabinoid-2 receptor
activation protects against infarct and ischemia-reperfusion heart injury. J Cardiovasc Pharmacol
59(4):301-307

Winwood PJ, Arthur MJ (1993) Kupffer cells: their activation and role in animal models of liver
injury and human liver disease. Semin Liver Dis 13(1):50-59

Wisse E, De Zanger RB, Jacobs R, McCuskey RS (1983) Scanning electron microscope observa-
tions on the structure of portal veins, sinusoids and central veins in rat liver. Scan Electron
Microsc (3):1441-1452

Wisse E, De Zanger RB, Charels K, Van Der SP, McCuskey RS (1985) The liver sieve: consider-
ations concerning the structure and function of endothelial fenestrae, the sinusoidal wall and the
space of Disse. Hepatology 5(4):683—692

Wolfrum S, Dendorfer A, Rikitake Y, Stalker TJ, Gong Y, Scalia R, Dominiak P, Liao JK
(2004) Inhibition of Rho-kinase leads to rapid activation of phosphatidylinositol 3-kinase/protein
kinase Akt and cardiovascular protection. Arterioscler Thromb Vasc Biol 24(10):1842—1847

Wong L, Yamasaki G, Johnson RJ, Friedman SL (1994) Induction of beta-platelet-derived growth
factor receptor in rat hepatic lipocytes during cellular activation in vivo and in culture. J Clin
Invest 94(4):1563—-1569

Page 40 of 41



PanVascular Medicine
DOI 10.1007/978-3-642-37393-0 144-1
© Springer-Verlag Berlin Heidelberg 2014

Wongcharatrawee S, Groszmann RJ (2000) Diagnosing portal hypertension. Baillieres Best Pract
Res Clin Gastroenterol 14(6):881-894

Wrana JL, Attisano L, Carcamo J, Zentella A, Doody J, Laiho M, Wang XF, Massague J (1992) TGF
beta signals through a heteromeric protein kinase receptor complex. Cell 71(6):1003—-1014

Wright KL, Duncan M, Sharkey KA (2008) Cannabinoid CB2 receptors in the gastrointestinal tract:
a regulatory system in states of inflammation. Br J Pharmacol 153(2):263-270

Yamada Y, Webber EM, Kirillova I, Peschon JJ, Fausto N (1998) Analysis of liver regeneration in
mice lacking type 1 or type 2 tumor necrosis factor receptor: requirement for type 1 but not type
2 receptor. Hepatology 28(4):959-970

Yokomori H, Oda M, Ogi M, Sakai K, Ishii H (2002) Enhanced expression of endothelial nitric
oxide synthase and caveolin-1 in human cirrhosis. Liver 22(2):150—-158

Yokomori H, Oda M, Yoshimura K, Nagai T, Ogi M, Nomura M, Ishii H (2003) Vascular endothelial
growth factor increases fenestral permeability in hepatic sinusoidal endothelial cells. Liver Int
23(6):467-475

Yokoyama Y, Baveja R, Sonin N, Clemens MG, Zhang JX (2001) Hepatic neovascularization after
partial portal vein ligation: novel mechanism of chronic regulation of blood flow. Am J Physiol
Gastrointest Liver Physiol 280(1):G21-G31

Yoshiji H, Kuriyama S, Yoshii J, Ikenaka Y, Noguchi R, Hicklin DJ, Wu Y, Yanase K, Namisaki T,
Yamazaki M, Tsujinoue H, Imazu H, Masaki T, Fukui H (2003) Vascular endothelial growth
factor and receptor interaction is a prerequisite for murine hepatic fibrogenesis. Gut
52(9):1347-1354

Yu Q, Shao R, Qian HS, George SE, Rockey DC (2000) Gene transfer of the neuronal NO synthase
isoform to cirrhotic rat liver ameliorates portal hypertension. J Clin Invest 105(6):741-748

Zafra C, Abraldes JG, Turnes J, Berzigotti A, Fernandez M, Garca-Pagan JC, Rodes J, Bosch
J (2004) Simvastatin enhances hepatic nitric oxide production and decreases the hepatic vascular
tone in patients with cirrhosis. Gastroenterology 126(3):749-755

Zhang B, Borderie D, Sogni P, Soubrane O, Houssin D, Calmus Y (1997) NO-mediated vasodilation
in the rat liver. Role of hepatocytes and liver endothelial cells. J Hepatol 26(6):1348—1355

Zhang D, Utsumi T, Huang HC, Gao L, Sangwung P, Chung C, Shibao K, Okamoto K,
Yamaguchi K, Groszmann RJ, Jozsef L, Hao Z, Sessa WC, Iwakiri Y (2011) Reticulon 4B
(Nogo-B) is a novel regulator of hepatic fibrosis. Hepatology 53(4):1306—1315

Zhao Y, Liu Y, Zhang W, Xue J, Wu YZ, Xu W, Liang X, Chen T, Kishimoto C, Yuan Z (2010)
WINS55212-2 ameliorates atherosclerosis associated with suppression of pro-inflammatory
responses in ApoE-knockout mice. Eur J Pharmacol 649(1-3):285-292

Zhuo JL, Ferrao FM, Zheng Y, Li XC (2013) New frontiers in the intrarenal Renin-Angiotensin
system: a critical review of classical and new paradigms. Front Endocrinol (Lausanne) 4:166

Page 41 of 41



	Pathophysiology of Portal Hypertension
	Abstract
	Anatomical and Hemodynamic Characteristics of the Intrahepatic Circulation
	Classification of Liver Diseases Associated with Portal Hypertension
	Pathogenesis of Portal Hypertension in Cirrhosis
	Inflammation
	Impaired Production of Vascular Mediators
	Catecholamines
	Vasopressin
	Somatostatin
	Nitric Oxide
	Vasoactive Factors That Have Not Yet Been Translated to Clinical Treatment
	Other Bioactive Products Contributing to Hemodynamic Disturbances

	Loss of Normal Tissue Architecture in Liver and Extrahepatic Areas
	Long-Term Vascular Structural Changes in Liver
	Sinusoidal Capillarization
	Hepatic Stellate Cell Activation
	Pathological Angiogenesis

	Long-Term Vascular Structural Changes in Extrahepatic Tissue


	Future Directions
	Acknowledgments

	Cross-References
	References




