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Alicia mird a su alrededor con sorpresa.

Alicia, jadeante:
“Reina Roja, ;como es posible? jSi parece que hemos estado bajo este drbol todo el
tiempo! jTodo estd igual que antes!”

Reina Roja:
“iPues claro Alicia! ; Qué esperabas?”

Alicia, jadeando atin:
“Bueno, es que en mi pais... cuando se corre tan rdpido como lo hemos estado
haciendo y durante algiin tiempo, se suele llegar a alguna otra parte...”

Reina Roja:

“1Qué pais mds lento! Aqui, como ves, hace falta correr todo cuanto una pueda
para permanecer en el mismo sitio. Si se quiere llegar a otra parte hay que correr
por lo menos dos veces mds rdpido.”

Lewis Carroll — Alicia a través del espejo
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LOX
CYPP450
eNOS
BH4
ADMA
sGC
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cGMP
PKC
IL-6
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LDL
Bmp-2

HGF

Liver sinusoidal endothelial cells
Hepatic stellate cells

Kupffer cells

Prostaglandin 12

Prostaglandin E2

Thromboxane A2

Endothelin 1

Nitric oxide
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Cyclooxygenase

Lipooxygenase

Cytochrome P450

Endothelial nitric oxide synthase
Tetrahydrobiopterin
Asymmetric dimethyl arginine
Soluble guanylate cyclase
Guanosine triphosphate

Cyclic guanosine monophosphate
Protein kinase C
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Intercellular adhesion molecule 1
Vascular cell adhesion molecule 1
Lipopolysaccharides

Low density lipoprotein

Bone morphogenic protein 2

Hepatocyte growth factor
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AT2 Angiotensin II

cAMP Cyclic adenosine monophosphate
TNF-a Transforming nuclear factor a
iNOS Inducible nitric oxide synthase
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IL-1R Interleukin 1 receptor

HVPG hepatic venous pressure gradient
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CHC Chronic Hepatitis C

CHB Chronic Hepatitis B
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NAFLD
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VEGF
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ROS
NF«B
Hh
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CXCR4
Bmp-9
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FXR
PPAR
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Ly-6C
SVR
C/EBP
GSK3p
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Alcoholic liver disease

Nonalcoholic fatty liver disease
Nonalcoholic steatohepatitis

Flow

Resistance

Portal pressure gradient

Viscosity

Length of the vessel

Radius

Vascular endothelial growth factor
Intrahepatic vascular resistance

Reactive oxygen species

Nuclear factor kappa light chain enhancer of activated B cells
Hedgehog

Kriippel like factor 2

CXC chemokine receptor type 7 — DNA binding protein inhibitor
CXC chemokine receptor type 4

Bone morphogenic protein 9

Alpha smooth muscle actin
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Farnesoid X receptor

Peroxisome proliferator activated receptor
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Systemic vascular resistance
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Glycogen synthase kinase 3 beta
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Von Willebrand factor
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Introduction

The liver is the most resilient vital organ in adults, as demonstrated by its unique regenerative
capacity. As the largest gland in the body, the liver is vital for the maintenance and protection of the
organism (Arias et al. 2009). It executes unique metabolic processes, toxicants clearance, regulation
of inflammation, and molecule biosynthesis. All these vital functions are accomplished by its
distinctive cell types that efficiently coordinate and communicate together within the hepatic

microcirculatory system.

The elementary unit of the liver is the lobule, which consists in linear cords of hepatocytes
spreading out from a portal triad, composed of hepatic artery, portal vein and bile duct, to a central
vein (Figure 1). The nutrients and oxygen enter the liver through a dual blood afflux, 60-70% of
portal venous blood (enriched in nutrients) and 30-40% of hepatic arterial (mainly carrying the
oxygen), which then mixes and flows together through a network of enlarged microvessels called
liver sinusoids. The central vein is connected with the hepatic vein so that blood goes out from the
liver (Marrone et al. 2016). Finally, bile flows within the canaliculus that lies between the apical

surfaces of the hepatocyte towards the bile ducts and gallbladder.

Central vein A2 ~ \W

Connective
tissue

SeAnAYZa @)

Lobules

Interlobular vein
(to hepatic vein)

Central vein — — Sinusoids

Plates of C Portal venule
hepatocytes ; C Portal arteriole
Bile duct

From portal vein

Figure 1. Microscopic anatomy of liver. Represent in this image we can observe the characteristic lobular

structure of the liver. Image adapted from Anatomy & Physiology, Connexions Web site.

Blood vessels comprehend about 22% of the liver’s mass/volume and the liver contains about 12%
of the total blood volume under physiological conditions (RW. Brauer 1963). Therefore, the liver is

considered a blood reservoir conferring its characteristic reddish color.
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The hepatocytes are the main cell type of the liver contributing to its unique metabolic and synthetic
capacities. Their function deeply depends on an efficient exchange of substances with the blood
stream and a proper communication with other hepatic cells (Vollmar & Menger 2009). The
segment of the microcirculation in which the exchange of substances occurs is the hepatic sinusoid,
a special capillary bed consisting of a layer of liver sinusoidal endothelial cells (LSEC), surrounded
by fat- and vitamin A-storing perisinusoidal cells, termed hepatic stellate cells (HSC), and flanked
by plates of hepatocytes (parenchymal cells). Other cells lying within the sinusoids are immune
cells including resident macrophages called Kupffer cells (KC), which are anchored to the luminal
side of the endothelium and, thus, exposed to the bloodstream (Figure 2). Finally, the narrow space
separating the sinusoidal membrane from the plasma membrane of the adjacent hepatocytes is
called space of Disse (Gracia-Sancho et al. 2018). In the next pages we will focus on depicting the
role of the main cells of the hepatic sinusoid and understanding why is important to protect the
healthy architecture of this complex microcirculatory environment.

. %5
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Figure 2. The hepatic sinusoids. Representative scanning electron microscopy image of the hepatic sinusoid
from a healthy rat (1500X). We can observe cords of hepatocytes lining in close contact with LSEC and
HSC. Immune cells are circulating or attached inside the microcirculatory vessels. This image represents the

dynamic and animated environment within the sinusoids.



Note: All electron microscope images shown along this thesis have been made by Raquel Maeso Diaz and

the Liver Vascular Biology Research Group.

1.1.  Hepatocytes

The hepatocyte is the parenchymal and major epithelial cell of the liver (Figure 3). These cells are
involved in many functions including protein synthesis (albumin, fibrinogen, clot factors and
lipoproteins), carbohydrate, lipid and protein metabolisms and detoxification. Hepatocytes are
polygonal cells that arranged together in unique cords. Their surface is asymmetric or polarized,
which allows them to perform specialized functions in two different environments. While the basal
domain is facing at least two blood sinusoids, the apical surface is exposed to the bile canaliculus
(Treyer & Misch 2013).

Figure 3. Hepatocytes in the liver sinusoid. Representative transmission electron microscopy image of the
liver sinusoid from a healthy rat (8000X). We can observe the polygonal shape of the hepatocytes and their
wide diversity in size, organelles and nucleus content. Polyploidy is very frequent in hepatocytes, which

depends on the increase in the number of nuclei per cell plus the DNA content of each nucleus.



Hepatocytes not only differ in their functions within the same cell (polarity), they are a
heterogeneous population along the liver with a specific metabolic patter (zonation). Hepatocytes
are exposed to different gradients of oxygen, nutrients, hormones and metabolites along the liver,
which causes the heterogeneity and zonation of the parenchymal cells of the liver (Kietzmann
2017). The zone 1 consists in hepatocytes located in the periportal region surrounded by the portal
triad (portal vein, hepatic artery and bile duct). In zone 2 hepatocytes are positioned in the
midlobular region, while in zone 3 they are situated near the efferent centrilobular vein. The
consequence of this zonation is that hepatocytes present different gene expression pattern within
these three zones, which determines their functionality (Birchmeier 2016). For example,
hepatocytes in zone 1 are specialized in ammonia detoxification and glucose/energy metabolism
(Torre et al. 2011). The Wnt/B-catenin pathway has been proposed to play a key role in the
maintenance of zonation in the adult liver, which is modulated by the angiocrine signaling secreted
from the liver endothelium (Benhamouche et al. 2006; Burke et al. 2009; Leibing et al. 2018).

1.2. Liver sinusoidal endothelial cells

Although someone could think that endothelial cells have only a passive role acting as a pipe where
the blood can circulate in, it is quite untrue. These cells are very active and have a unique
morphology and function depending on the needs of the tissue where they are located. The
endothelium of capillaries may be classified as continuous or discontinuous. Continuous, the cells
provide an uninterrupted lining, is the most abundant endothelium in the capillary tree.
Discontinuous endothelium contains pores, fully opened or not, known as fenestrae and is
characteristic of organs involved in filtration or secretion, such as glands, gastric and intestinal
mucosa and some renal areas. The discontinuous endothelium termed as sinusoidal can only be
found in certain vascular beds in the liver, bone marrow and spleen (Aird 2012). However, the

morphology of these three types of sinusoidal endothelial cells is very different.

LSECs are the discontinuous endothelial cells forming the vascular bed of the liver sinusoids.
LSECs are the only endothelial cells in mammals with open fenestrae and lack of organized
basement membrane (Wisse 1970). Thus, the liver microcirculation has the most porous of all
endothelial barriers. The cytoplasmic extensions of LSECs are very thin and perforated with
circular and oval fenestrations of approximately 50-200 nm diameter covering 2-20% of the
endothelial surface (Figure 4). Prof Eddie Wisse, known as the father of LSEC, cultured these cells
for the first time and observed them under an electronic microscope. This experiment allowed him

to discover the presence of fenestrations. In this relevant publication from 1970, he identified also
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that these fenestrations are organized in clusters termed sieve plates, dynamic structures that can be

altered by numerous endogenous and exogenous agents.

lpm  CCiTUB
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Figure 4. Liver sinusoidal endothelial cells. Representative scanning electron microscopy image of a liver
sinusoidal endothelial cell isolated from a healthy rat (7000X). Fenestrations are open pores covering 2-

20% of the cell area, they organized in clusters also known as sieve plates.

In addition to differences in structure, endothelial cells of the organism show remarkable
heterogeneity in function. LSECs are known to contribute importantly in the regulation of the
vascular tone. They also play a role in the inflammatory response and have a higher endocytic
capacity compared to other endothelial cells. Let’s see next very briefly the main functions of
LSEC:

LSECs and vascular tone regulation: Although it has been widely demonstrated that stellate cells
are the major cells regulating the hepatic blood flow because they are narrowing the sinusoidal
lumen and limiting blood flow. However, in vivo microscopy have probed that LSECs also
possessed certain contractility capacity in response to vasoactive substances (McCuskey & Reilly
1993). LSECs are more known by their indirect system of regulating the vascular tone by producing
several vasoactive substances, including prostaglandin | 2 (PGI2) and E 2 (PGEz2), thromboxane A 2
(TXA2), as well as endothelin 1 (ET1) and nitric oxide (NO) (Wisse et al. 1996). Arachidonic acid



(AA) can be metabolized through three different enzymes: cyclooxygenase (COX), lipoxygenase
(LOX), and cytochrome P450 (CYPP450). Depending on which pathway chooses it can generate
vasodilator molecules, for example PGl2, or vasoconstrictor like TXAz2 (Sacerdoti et al. 2015). ET1
is another important vasoconstrictor molecule that can be synthesized by LSECs (Rockey et al.
1998). Finally, NO is the main vasodilatory molecule in the liver. Endothelial nitric oxide synthase
(eNQS) is the enzyme responsible for the production of NO in LSECs. The activity of eNOS is
modulated by different post-translational modifications, including phosphorylation of the enzyme at
its activation sites, the levels of its co-factor tetrahydrobiopterin (BHa4), and interactions with
inhibitor proteins like caveolin and asymmetric-dimethyl-arginine (ADMA) (Wiest et al. 1999;
Shah et al. 2001; Laleman et al. 2005; Liu et al. 2005; Matei et al. 2006). NO can also be regulated
by scavenging to form peroxynitrite, mechanism mainly depending on the oxidative stress levels
(Gracia-Sancho et al. 2008). Once NO is produced by LSECs, it is released into the space of Disse
and incorporated by HSC, activating the soluble guanylate cyclase (sGC), enzyme that transforms
guanosine triphosphate (GTP) into cyclic guanosine monophosphate (cGMP). This second
messenger triggers the C protein kinase (PKC) cascade to change the calcium levels of the cell.
Ultimately the HSC relax its pressure above LSEC promoting the vasorelaxation and the blood flow
increases as consequence (Iwakiri & Kim 2015). It has been well studied during the last decades
that an imbalance in the synthesis of these vasodilator/vasoconstrictor molecules is associated with
the dysfunction of LSECs, thus promoting the progression of chronic liver diseases (Gracia-Sancho
et al. 2015). We will focus on further discuss this topic in chapter 11.2.2.2 Liver sinusoidal

endothelial cells dysfunction.

LSECs and immunity: LSECs, in direct contact with the portal circulation (we must remember that
it is blood coming from the intestines and therefore rich in bacterial products, environmental toxins,
and food antigens), serve as the first line of defense against immune and inflammatory challenges.
They can produce inflammatory chemokines and cytokines to recruit inflammatory cells from the
systemic circulation and lymphoid organs (Gao et al. 2008). Interleukin 6 (IL-6) is one of the most
important cytokines secreted by LSEC. IL-6 is a key driver not only of infection defense but also of
liver regeneration and, it is a key regulator of important metabolic functions (Wuestefeld et al.
2003). LSECs can promote the recruitment of leukocytes into the liver by up-regulating the
expression of the intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule
1 (VCAM-1) in the endothelial surface after an inflammatory stimulus occurs. Both ICAM-1 and
VCAM-1 are constitutively expressed in LSECs (Oteiza et al. 2011; van Oosten et al. 1995).
Finally, LSECs together with KC compose the hepatic reticulo-endothelial system, which is part of



the innate immune response and the major site of the organism where removal of circulating

macromolecules and microorganisms takes place (Sgrensen et al. 2015).

LSECs endocytic capacity: LSECs are responsible for removal of soluble macromolecular and
colloidal waste (smaller than 100 nm) from the circulation, including lipopolysaccharides (LPS),
intracellular macromolecules, modified serum proteins and microbial proteins. This is possible
thanks to its high endocytic capacity through the expression of several families of endocytotic
receptors including: stabilin-1, stabilin-2, scavenger receptors, mannose receptor, and FcyRIIb. This
endocytic capacity is relevant for regulating the lipid homeostasis in the organism. As an example,
chylomicrons are passively filtered through LSEC fenestrae (Wisse 1970), and mildly oxidized low
density lipoprotein (LDL) are taken up through the stabilin-1 endocytosis receptor (Li et al. 2011).

LSECs and angiocrine signaling: recently has been described LSECs as a source of angiocrine
molecules including bone morphogenic protein 2 (Bmp2), angiopoietin-2, Wnt2, Wnt9b and
hepatocyte growth factor (HGF) (Ding et al. 2010). LSEC-derived angiocrine molecules play a key
role in liver growth, maturation and iron homeostasis in mice (Canali et al. 2017; Koch et al. 2017;
Leibing et al. 2018). Also, Wnts produced by LSECs have been proposed as an important regulator
of liver tissue repair following liver injury (Zhao et al. 2019).

1.3.  Hepatic stellate cells

HSC are vitamin A storing cells located in the space of Disse (Figure 5). They are surrounding
LSECs and represent the pericytes of the liver sinusoids (Friedman 2008). Carl von Kupffer firstly
described this star-shaped cell in 1876 as liver macrophages (Geerts 2001). More than 50 years
later, in 1952 Toshio Ito differentiated them from KC, after finding that these perisinusoidal cells
were storing fat droplets. In honor to his discovery HSC are also named Ito cells. Lately, Kenjiro
Wake noticed that these lipid droplets, characteristic of stellate cells, were composed by vitamin A

(retinoid) and that in fact, over 95% body's retinoid reserves are found in these cells (Wake 1971).



Figure 5. Hepatic stellate cell in the liver sinusoid. Representative transmission electron microscopy image
of the liver sinusoid from a healthy rat (8000X). We can observe two open sinusoids and between them,
inside the space of Disse, a HSC with lipid droplets in its cytoplasm. This HSC is surrounding, at least, 2
LSECs.

However, in the healthy liver, HSC are not only a storage housing for vitamin A. They play
important roles in regulating the retinoid metabolism, they are the main collagen-synthetizing cells
of the liver, as well as other extracellular matrix (ECM) components, and an important source of
cytokines. Importantly, they are thought to be the most important cell responsible for controlling
sinusoidal diameter and blood flow (Friedman et al. 1985). Here are summarized the most relevant

functions of stellate cells:

HSC and retinoid metabolism. Retinols and their metabolites are essential for vision, the immune
system and for the differentiation and growth of many cell types. Retinoid is absorbed and
transformed to retinol in the intestines, packed inside chylomicrons and then transported to the liver
(Blaner et al. 1985). These chylomicrons containing retinols are taken up by hepatocytes and then
transferred to HSCs for storage. Only a small percentage remains in the hepatocytes, whereas
quiescent HSCs store 80% of total liver retinols as retinyl palmitate in lipid droplets in their
cytoplasm (Hendriks et al. 1985). The uptake, intracellular transport, and metabolism of retinol are
regulated by cellular retinol-binding proteins (CRBP-1 and CRBP-2), which are highly expressed in
HSC (Blomhoff 1990).



HSC synthetic capacity. HSC contribute to the synthesis of ECM components including fibrillar
collagens, fibronectin and proteoglycans. Despite its relevance, they are not the only cells producing
ECM; hepatocytes, LSECs and non-HSC myofibroblasts are also sources of ECM components
(Chan & Wells 2007). The amount of ECM molecules synthesized by HSC varies depending on the
hepatic microenvironment, for example when a hepatic insult occurs a fibrogenic stimulus activates
and promotes a massive production of ECM components by HSC. In addition to matrix protein
synthesis, HSC are also able to regulate matrix degradation by synthesizing matrix degrading
metalloproteinase (MMP-2 and -9) and its inhibitors, tissue inhibitors of metalloproteinase (TIMP-1
and -2) (Iredale 1997; Takahara et al. 1995).

Stellate cells are an important source of cytokines in the liver. They are able to produce
transforming growth factor o (TGF-a), epidermal growth factor (EGF) and HGF, well known
hepatocyte mitogens with important roles during liver regeneration (Bachem et al. 1992; Mullhaupt
et al. 1994). They also produce the most potent mitogen for themselves, the platelet-derived growth
factor (PDGF), which is a dimeric subunit that activates its receptor, platelet-derived growth factor
receptor (PDGFR) promoting HSC proliferation (Pinzani et al. 1995). Finally, stellate cells secrete
transforming growth factor p (TGF-B) in response to liver injury, which exerts potent fibrogenic

effects in both autocrine and paracrine manner (Bissell et al. 1995).

Moreover, stellate cells are mediators of the hepatic immune response. They can amplify the hepatic
immune reaction by producing diverse cytokines like interleukin 8 (IL-8) and IL-6 and chemokines
including macrophage colony stimulating factor (M-CSF), monocyte chemotactic peptide (MCP-1),
chemokine ligand 21 (CCL21), regulated on activation normal T cell expressed and secreted
(RANTES), and chemokine receptor 5 (CCR5) (Maher 2001). With all these inflammatory
molecules HSC can attract and promote the infiltration of macrophages, neutrophils and other

leukocytes in response to liver injury.

Vascular tone regulation. HSC together with sinusoidal endothelial cells have contractile properties
and are the key regulators of the hepatic blood flow. While LSECs are well recognized by their
indirect role secreting vasodilators and vasoconstrictors, HSC are the main effector cells with a
contractile apparatus that respond to these stimuli. Two different types of filaments form the
contractile apparatus of HSC: actin and myosin. The key for contraction is the shielding and un-
shielding of the myosin-binding site on actin. Phosphorylation of the regulatory light chain subunit
of myosin is sufficient for contraction. However, contraction can occur without light chain

phosphorylation (Reynaert et al. 2002). There are several agents influencing HSC contractility;
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ET1, thrombin and angiotensin Il (AT2), which promote the contraction of HSC in a calcium-
dependent manner with the implication of Rho kinase. Whereas NO and PGl2 are promoters of the
relaxation through the cGMP, cyclic adenosine monophosphate (CAMP) and Ca pathways
(McCuskey 2008).

1.4, Kupffer cells

At last, KC the resident macrophages of the liver are located at the luminal side of the endothelial
lining (Figure 6). In 1876, Karl Wilhem von Kupffer firstly described these cells, and thought that
they were part of the endothelium. A century later, in 1989, Tadeusz Browiecz correctly identified
them as macrophages (Naito et al. 1997; Ju & Tacke 2016). Nowadays, we know that KCs are the
largest resident’s macrophages in the organism and in fact, they are critical for the innate immune

response. Together with LSECs, they constitute the reticulo-endothelial system mentioned before.

Sinusoid

Figure 6. Kupffer cell in the liver sinusoid. Representative transmission electron microscopy image of the
liver sinusoid from a healthy rat (8000X). We can observe a Kupffer cell attached to the sinusoid in the

luminal side of the endothelium.

Their location, within the sinusoidal vascular space, allows them to exert efficiently their
phagocytic functions of pathogens and immunoreactive material coming from the gastrointestinal
tract. They prevent immunoreactive substances from portal or arterial circulation entering into the



hepatic sinusoids. Kupffer cells are also in charge of the clearance of particles, dying erythrocytes
and apoptotic hepatocytes in the parenchyma. To exert this phagocytic function they need to pass

through the space of Disse and establish direct contact with hepatocytes (Thomson & Knolle 2010).

KCs are very plastic cells that can change their phenotype and consequently their functional
activity, depending on the metabolic and immune inputs they receive from the microenvironment.
KCs are classically classified in based on their activation state or polarization (Gordon & Taylor
2005):

M1 or classically activated macrophages exhibit increased expression of proinflammatory
cytokines like transforming nuclear factor a (TNF-a), IL-6 and inducible nitric oxide synthase
(iNOS).

M2 or alternatively activated macrophages are characterized by predominantly expressed anti-

inflammatory mediators including interleukin 10 (IL-10) and interleukin 1 receptor (IL-1R).

This classification simplifies grouping the macrophages into the most different functional categories
but, exists data clearly demonstrating that macrophages are more heterogeneous, even within each

of the groups (Heymann et al. 2012).



1. Cirrhosis and portal hypertension

Portal hypertension is a clinical syndrome defined by an elevation of the hepatic venous pressure
gradient (HVPG) above 5 mmHg. This clinical complication results from obstruction of portal
blood flow such as cirrhosis or portal vein thrombosis (Bosch 2007). In liver cirrhosis, increased
intrahepatic vascular resistance to the portal blood flow is the primary factor elevating the portal
pressure leading to portal hypertension (Gracia-Sancho et al. 2018). Once portal hypertension is
established, it affects the extrahepatic vascular beds causing collateral vessel formation and
splachnic vasodilation. This event leads to increase the portal blood inflow, which exacerbates
portal hypertension and also, promotes the fully development of the hyperdynamic circulatory

syndrome (Figure 7) (Iwakiri & Groszmann 2006).
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Figure 7. Pathophysiology of portal hypertension in cirrhosis. Image adapted from Journal of Hepatology
2012 vol. 57 j 458-46.

The etiology of portal hypertension is classified according to the location where the obstruction to

portal blood flow occurs (Berzigotti et al. 2013):

1) Pre-hepatic. The affectation appears within the portal or splenic vein (i.e. portal vein
thrombosis or congenital atresia).

2) Intra-hepatic. The problem is inner to the liver (i.e. liver cirrhosis, hepatic fibrosis, or non-
cirrhotic causes such as schistosomiasis, massive fatty change and diffuse granulomatous

diseases).



3) Post-hepatic. The impediment is usually in the heart, hepatic vein or inferior vena cava (i.e.
hepatic vein thrombosis, inferior vena cava thrombosis, inferior vena cava congenital

malformation, Budd-Chiari syndrome or constrictive pericarditis).

I1.1. Epidemiology of chronic liver diseases (CLDs)

Chronic liver disease (CLD) encompasses all the chronic pathological conditions affecting the liver
(inflammation, fibrosis, cirrhosis and hepatocellular carcinoma) that result from constant and long-
term exposure to different hepatotoxic agents and cause clinical manifestations that last longer than
6 months. A significant percentage of patients with early CLD will develop liver cirrhosis and
portal hypertension syndrome, characteristic of advanced CLD (aCLD). In fact, a report from 2015
showed that CLDs induce cirrhosis in 633.000 patients per year with a prevalence of 4.5% to 9%
worldwide (Scaglione et al. 2015).

CLD represents a serious and costly problem for our society with a high prevalence and incidence.
Approximately 844 million people suffer from a chronic liver condition worldwide, with a mortality
rate of 2 million deaths per year, and this data may be underestimated due to the lack of information
in some countries. The high impact of CLD make them comparable to other major public health
problems related to chronic diseases such as cardiovascular diseases (540 million; 17,7 million
deaths), diabetes (422 million; 1,6 million deaths) and pulmonary diseases (650 million; 6,17
million deaths) (Blachier et al. 2013).

The estimated worldwide prevalence of most frequent CLDs classified by its etiology is: 2,5% of
chronic hepatitis C (CHC); 3,6% of chronic hepatitis B (CHB); 8,5% of alcoholic liver disease
(ALD) and 25% of non alcoholic fatty liver disease (NAFLD) (Marcellin & Kutala 2018). This data
suggests that nowadays, the distribution of CLD etiology is progressively changing, showing a
decrease in the proportion of virus-induced CLDs with a significant increase in NAFLD and non
alcoholic steatohepatitis (NASH). The recent development of the direct antivirals against hepatitis
C virus explains the decrease in the prevalence of CLDs with viral etiology (Marifio et al. 2015).
However, emergent metabolic CLDs, like NAFLD and NASH, are now predominant in Western
and developed countries (17% to 46% for NAFLD). In fact, they are starting to be considered
endemic in Europe and USA, representing an important economic burden for its countries
(Younossi et al. 2018).



11.2. Pathophysiology of portal hypertension

According to the hydraulic equivalent of Ohm’s Law portal pressure may be elevated by an
increment in the flow (Q) or in vascular resistance (R), or a combination of both (Figure 8a). When
translating this formula to the hepatic vascular system, AP is the portal pressure gradient, Q is the
flow within the portal venous system, and R is the vascular resistance of the portal venous system,
which represents the sum of the resistance of the portal vein, the hepatic vascular bed, and of the
portosystemic collaterals. In liver cirrhosis, increased intrahepatic vascular resistance to the portal
blood flow is the primary factor elevating the portal pressure, and is caused by both anatomical
factors  (fibrogenesis, angiogenesis and capillarization) and functional abnormalities
(microcirculatory dysfunction, decrease in vasodilators, hyper-responsiveness to vasoconstrictors)
(Gracia-Sancho et al. 2018). Once portal hypertension is developed, an increase in portal venous
inflow, as a consequence of the hyperdynamic circulatory syndrome, will perpetuate and aggravate

portal hypertension (Garcia-Pagén et al. 2012).

Poiseuille’s law is the formula to calculate the resistance that opposes to blood flow: R =8 n L/ ra.
In this equation, resistance is determined by the coefficient of blood viscosity (n), the length of the
vessel (L) and its radius (r). In the circulatory system, the length of the vessels and the viscosity of
the blood are relatively constant factors, while the radius of the vessel is dynamic and constantly
changing and therefore, it is the main influencing parameter. A decrease in the radius of the vessel
causes a significant increase in the vascular resistance and consequently in the pressure gradient

(figure 8b). The opposite occurs when there is an increase in the radius of the vessel (figure 8c).
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Figure 8. Ohm’s law and hemodynamics. In this figure is represented Ohm’s law applied to a vascular
system (a) and how the parameters regulating the hemodynamics change in response to vasoconstriction (b)

or vasodilation (c).
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11.2.1. Intrahepatic vascular resistance and portal blood flow

As mentioned before, in cirrhosis the increased resistance to portal blood flow is the primary
contributor to portal hypertension development, and this increased resistance can be located at any
region of the intrahepatic circulation (Shibayama & Nakata 1985). The major contributor to
increase the intrahepatic vascular resistance is the architectural abnormalities found in the cirrhotic
liver (Figure 9). The structural component is a consequence of the fibrotic process, the formation of
regenerative nodules, vascular occlusion and the sinusoidal capillarization (Fernandez-Iglesias &
Gracia-Sancho 2017).
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Figure 9. Cirrhotic liver. Representative transmission electron microscopy image of a rat cirrhotic liver
(110X). We can observe fibrotic deposition bridging from the central vein to the portal triad and all along

the hepatic sinusoids. The normal parenchymal architecture is completely lost.

Nevertheless, in 1985 a pioneer study by Bathal and Grossman revealed that also exists a non-
structural, dynamic and reversible component representing up to 40% of the total increased
intrahepatic vascular resistance (Bhathal & Grossman 1985). This dynamic component is
consequence of the imbalance in the vasoactive factors and de-regulation of the contractile elements

involved in regulating the vascular tone (Figure 10). In one hand, exists an increase in the



production of vasoconstrictors such as ET1 and TXA,, as well as an exaggerated response to these
vasoconstrictors (Gracia-Sancho et al. 2007). On the other hand, there is an insufficient availability

and response to vasodilators, mainly NO and prostacyclins (Gupta et al. 1998).

VASODILATORS VASOCONSTRICTORS ]

|z
BN - |
ED =»

Figure 10. In cirrhosis exists an imbalance in the vasoactive factors involved in regulating the dynamic
component of the intrahepatic vascular resistance. Vasoconstrictors molecules are more predominant than

vasodilators and the hepatic microcirculation is sensitive to the vasoconstriction signaling.

Following the natural course of the disease, once portal hypertension is developed, an increase in
portal blood flow occurs perpetuating and worsening this syndrome. The initiating mechanism of
these circulatory abnormalities is an arteriolar vasodilation, which particularly occurs in the
splanchnic circulation (Wiest et al. 1999). The underlying mechanisms of the splachnic
hyperdynamic state are quite opposite to the intrahepatic situation. In these extra-hepatic areas there
is an hyporeactivity to vasoconstrictors, increased vasodilation and formation of new vessels or
angiogenesis (Fernandez et al. 2009). Excessive vascular endothelial growth factor (VEGF), eNOS
activity and NO availability are the main responsible for the deregulated mesenteric vasodilation

(Wiest & Groszmann 2002).



11.2.2. Cellular pathophysiology of portal hypertension

In previous chapters (1.1-1.4) we have seen how important the cells of the hepatic microcirculatory
system are for maintaining a healthy microenvironment and a healthy liver. Loss of function of any
of these cells have dramatic consequences for the homeostasis of the organ and can lead to the

development of liver diseases.

During chronic liver disease progression LSECs capillarize in other words, they become a typical
endothelial cell and lose their vasodilatory synthetic capacity, hepatocytes undergo necroptosis
leading to HSC activation. In this state, HSC start proliferating and synthetizing extracellular matrix
and become pro-contractile. KC polarizes and acquires a pro-inflammatory phenotype. These events
have a direct effect disturbing the normal liver architecture and consequently promoting a pro-
inflammatory, pro-contractile and pro-thrombotic sinusoidal environment, which increases the
intrahepatic vascular resistance (IHVR) and therefore portal hypertension (Gracia-Sancho et al.
2018). In the next sections we are going to overview hepatocyte dysfunction, LSEC dysfunction,
HSC activation and KC polarization, and how they contribute to the pathophysiology of portal

hypertension.

11.2.2.1 Hepatocyte dysfunction

The role of hepatocytes in chronic liver diseases is extremely complex. First of all, hepatocytes are
the target of most hepatotoxic agents including hepatitis viruses, alcohol, metabolites and bile acids
(Bataller & Brenner 2009). Accordingly, during chronic liver diseases development ,where they are
exposed to a constant hepatotoxic stimulus, hepatocytes can be irreversibly damaged and
consequently die (necroptosis) or on the contrary, can be stimulated to regenerate the injured

hepatocytes population (regenerative nodules) (Schattenberg et al. 2012).

Both, damaged and dying hepatocytes after liver injury contribute to tissue inflammation,
fibrogenesis and development of cirrhosis by releasing reactive oxygen species (ROS), nuclear
factor kappa-light-chain-enhancer of activated B cells (NFkB) and TGF-B. These fibrogenic and
inflammatory mediators induce HSC activation and trigger the inflammatory response (Seki &
Schwabe 2015). In advanced stages of the disease where hepatocytes are under an hypoxic
environment, TGF-B expression is extremely up-regulated perpetuating the fibrogenesis process
(Jeong et al. 2004). Moreover, hepatocytes are an important source of MMPs and TIMPS,

molecules clearly involved in wound-healing processes (Del Carmen Garcia de Leon et al. 2006).



11.2.2.2 Liver sinusoidal endothelial cells dysfunction

In chapter 1.2 we have seen the specialized morphology and function of healthy LSECs. After
hepatic damage occurs LSECs become dysfunctional or dedifferentiated (Schaffner & Poper 1963).
This term refers to the alterations in the phenotype of the sinusoidal endothelial cells occurring
during continuous hepatic injury, in which they lose their vasoprotective phenotype. Dysfunctional
LSECs suffer a characteristic change termed capillarization, which is a lack of fenestration and the
appearance of organized basement membrane with consequences in their functionality and
therefore, in exert the correct liver tasks (Figure 11). Moreover, dysfunctional LSEC present an
impaired vasomotor control and liver regeneration properties; and they are in a pro-inflammatory,
pro-thrombotic and pro-fibrogenic state (DeLeve, Wang & Guo 2008; Marrone et al. 2016). LSEC
dysfunction is associated with changes in the expression of different markers, for example,
increased expression of CD31, VCAML1 and ET1, and lower expression of Stabilin-1/2, CD32b and
Recal (March et al. 2009; Graupera et al. 2005; Xie et al. 2013).

Figure 11. Liver sinusoidal endothelial cells capillarization. Representative scanning electron microscopy
image of the Liver sinusoidal endothelial cell from a healthy (Left) or cirrhotic (Right) rat liver (15000X).
We can observe a marked decrease in the porosity and number of fenestrations in the LSECs from cirrhotic

livers compared to LSECs from healthy livers, characteristic of the capillarization process.

Since the 60s decades it is known that LSEC dysfunction is a mechanism that precedes the
activation of HSC and macrophages and therefore, fibrosis development (Schaffner & Poper 1963;
Mori et al. 1994; Pasarin et al. 2012). Some research studies have tried to understand the
mechanisms driving LSEC dysfunction and how this is key for initiating and promoting liver injury
progression (DeLeve et al. 2008; Miyao et al. 2015). So far, four main molecular pathways have
been proposed: vasomotor impairment, capillarization, angiocrine signaling and angiogenesis
(Poisson et al. 2017).



First of all, the vasomotor impairment, characteristic feature of dedifferentiated LSECs, is a
consequence of decreased vasodilators and increased vasoconstrictors production. NO, the most
potent vasodilator molecule is significantly diminished in cirrhotic livers (Rockey & Chung 1998).
One mechanism responsible is the reduction in the production of NO by eNOS, which is inhibited
by negative regulators that are up regulated during cirrhosis, as caveolin-1 (Shah et al. 1999). The
second mechanisms is oxidative stress, which is increased in cirrhosis (Gracia-Sancho et al. 2008).
A recent report demonstrates how Notch activation attenuates eNOS/sGC signaling and promotes
LSEC dedifferentiation and accelerated fibrosis (Duan et al. 2018). Increased superoxide radicals
spontaneously react with NO to form peroxynitrite (ONOO-), thereby decreasing NO bioavailability
as a vasodilator. Contrarily, vasoconstrictors such as TXAZ2 are also increased in cirrhosis (Gracia-
Sancho, Lavifia, Rodriguez-Vilarrupla, Brandes, et al. 2007). The activity of COX-1 increases in
LSECs from cirrhotic livers, which results in high amounts of TXA2 produced.

Regarding the capillarization process, Prof. Deleve et al. demonstrated how healthy LSECs
phenotype is maintained through VEGF-NO-dependent or independent pathway and that restoration
of LSEC healthy phenotype in vivo promoted HSC quiescence, prevention of fibrosis progression,
and regression of mild fibrosis (DeLeve, Wang & Guo 2008; Xie et al. 2012). Anna Mae Diehl’s
lab found that Hedgehog (Hh) signaling, which is increased during liver injury, was promoting
LSEC capillarization in fibrotic livers and therefore HSC activation and fibrosis progression.
Inhibition of Hh both in vivo and in vitro prevented and reversed LSEC capillarization and so, they
presented Hh inhibition as an attractive therapy (Choi et al. 2009; Xie et al. 2013). Studies from our
group further investigated the HSC/LSEC paracrine interactions, using in vitro and in vivo
experimental models of liver cirrhosis, we demonstrated that Krippel-Like Factor 2 (KLF2)-
mediated improvement in HSC phenotype paracrinally ameliorates the dysfunctional phenotype of
LSEC and vice versa, leading to a significant regression of liver cirrhosis and a marked reduction in
portal pressure. Hence, we proposed KLF2 as an attractive therapy for maintaining the hepatic
sinusoidal milieu (Marrone et al. 2013; Marrone et al. 2015). Moreover, Dr. Guixe-Muntet showed
that autophagy and the transcription factor KLF2 share a common activation pathway in the
endothelium, suggesting that autophagy activation is vasoprotective for the liver endothelium
(Guixé-Muntet et al. 2017). Along with this, another recent report from our colleagues proposed
endothelial autophagy dysregulation as a mechanism responsible of amplifying endothelial
dysfunction and HSC activation, consequently aggravating fibrosis development during mild acute
liver injury (Ruart et al. 2019).

Finally, the newest mechanism involved in endothelial dysfunction is the angiocrine signaling.



These molecules are paracrine factors produced by LSECs, which are involved in organ
homeostasis and regeneration (Ding et al. 2010). A recent study demonstrated that LSECs release
divergent angiocrine signals determining and balancing liver regeneration and fibrosis. After acute
liver injury, activation of C-X-C chemokine receptor type 7 - DNA-binding protein inhibitor
(CXCRT7-1d1) pathway in LSECs stimulates production of hepatic-active angiocrine factors leading
to liver regeneration. By contrast, chronic injury causes persistent fibroblasts growth factor receptor
1 (FGFR1) activation in LSECs that perturbs CXCR7-1d1 pathway and favors a C-X-C chemokine
receptor type 4 (CXCR4)-driven pro-fibrotic angiocrine response, thereby provoking liver fibrosis
(Ding et al. 2014). Later, another study showed that Notch activation alters the angiocrine profile of
LSECs, reduces expression of Wnt2a/9b and HGF, resulting in LSEC dedifferentiation and
accelerated liver fibrogenesis (Duan et al. 2018). Finally, another report demonstrated the protective
role of the bone morphogenetic protein 9 (Bmp-9) controlling LSEC fenestration. The depletion of
this paracrine factor promotes LSEC capillarization and fibrosis progression (Desroches-Castan et
al. 2019).

The angiogenesis process will be briefly discussed in section 11.2.3. hyperdynamic circulation of
this thesis.

After all these studies, the mechanisms underlying LSEC dysfunction and its role in initiating and
driving chronic liver disease development still not well understood and therefore, more research is

needed to fully comprehend this process.

11.2.2.3 Hepatic stellate cells activation

In response to acute or chronic liver injury, HSC are activated and transformed into myofibroblasts-
like cells, they start to proliferate, lose their retinoid droplets and express de novo alpha-smooth
muscle actin (a-SMA) (Tsuchida & Friedman 2017). TGF-B and PDGF are the most important
cytokines involved in HSC activation and proliferation (Pinzani et al. 1995). Furthermore, activated
HSC release proinflammatory, profibrogenic, and promitogenic cytokines, increased the production
of extracellular matrix components (including collagen and proteoglicans), and present alterations
in the activity of matrix proteases involved in tissue repair (Pinzani & Gentilini 1999). In acute liver
damage these changes are transient, whereas after a chronic injury HSC constantly produce ECM
components with a subsequent aberrant and exaggerated accumulation of these molecules, resulting
in liver fibrosis and finally, cirrhosis. Importantly, HSCs become pro-contractile in an activated
state (Kawada et al. 1993). They display a decreased response to vasodilators (NO), together with

an increased ET1 production in cirrhosis, enhances the contraction of HSC (Perri 2006; Rockey &



Weisiger 1996). Therefore, activated HSCs are fundamental for the development and progression of

portal hypertension.

The mechanisms regulating stellate cell activation have been widely study and are clearer than those
promoting LSEC dysfunction. The mechanisms involved in HSC activation were organized by Prof.
Friedman into core pathways, which are those that contribute to fibrosis across tissues and
regulatory pathways, which are those that are tissue restricted (Mehal et al. 2011). Next are
mentioned the most relevant signals driving HSC activation described so far: fibrogenic and
proliferative pathways (TGF-B, PDGF, VEGF and CTGF), Hh, innate immune signals (TLRs and
cytokines), adipokines, autophagy, free cholesterol, epigenetic modifications (DNA methylation
and histone modifications), 5-hidroxytryptamine receptors (5-HT), AT1R, farnesoid X receptor
(FXR) and peroxisome proliferator-activated receptors (PPAR).

11.2.2.4 Kupffer cells in chronic liver disease

After liver injury, Kupffer cells become activated and they start to release inflammatory
chemokines and cytokines as well as to recruit large numbers of inflammatory monocytes.
Activated KC contribute to the pro-contractile status by secreting vasoconstrictor substances
including TXA2 and Cysteinyl leukotriene (Cys-LT) (Tacke 2017; Steib et al. 2007). Moreover,
they stimulate fibrogenesis first by activating in a paracrine manner HSC, mechanism mediated by
oxidative stress and IL-6 and second, because they are an important source of MMPs (Nieto 2006).
Nevertheless, MMPs not only can contribute to fibrosis progression, they can also promote the
removal of ECM during the resolution of fibrosis (Troeger et al. 2012). Studies have shown that
macrophages can switch their fibrogenic or activated phenotype towards to a more “restorative” one
that is characterized by low expression of lymphocyte antigen 6 complex (Ly-6C), high expression
of anti-inflammatory mediators (HGF, 1L-10) and MMP (MMP9, MMP12, MMP13) but the
molecular mechanisms involved in this change of function still not well understood (Ramachandran
etal. 2012).

11.2.3. The hyperdynamic circulation

As explained in chapter I1.1.1 the hyperdynamic syndrome is a late consequence of portal

hypertension in cirrhosis. The molecular mechanisms underlying this increased in portal blood flow



involve humoral and neural mechanisms that can determine hemodynamic changes, and lead to

hyperdynamic circulation (lwakiri & Groszmann 2006; Mgller & Bendtsen 2018).

The principal hemodynamic manifestations of the hyperdynamic syndrome are high cardiac output,
increased heart rate and total blood volume, accompanied by reduced total systemic vascular
resistance (SVR). In patients with portal hypertension there is a marked reduction in the SVR,
associated with peripheral vasodilation (Newby 2002). Arterial vasodilation in the splanchnic and
systemic circulations (for example the pulmonary bed) observed in cirrhosis helps to increase the
blood flow to the portal vein and is caused by an excessive release of NO in the splanchnic vascular
beds. NO is the most important vasodilator molecule that contributes to excessive vasodilation
observed in the arterial splanchnic and systemic circulations in portal hypertension. An increase in
portal pressure increases VEGF production and triggers eNOS activation and subsequent NO
overproduction (Moreau 2005; Genesca et al. 1999). In addition, mechanical stimuli (shear-stress)
and pro-inflammatory cytokines (TNF-a) contribute to NO-mediated vasodilation (Lopez-Talavera
et al. 1995; Mufioz et al. 1999). Hypocontractility has also been detected in the arterial splanchnic
and systemic circulations in portal hypertension further aggravating the hyperdynamic
syndrome. Finally, neural factors, especially through the sympathetic system, are involved in the
development of hyperdynamic syndrome. Portal hypertensive rats showed sympathetic nerve
atrophy/regression in the mesenteric arteries and this contributes to vasodilation and/or

hypocontractility of those arteries (Coll et al. 2010).

Porto-systemic collateral vessels from pre-existing or de novo (angiogenesis) develop in response to
an increase in portal pressure. Portal blood flow augmentation from the splachnic circulation
increases to compensate the blood escaping through these collateral vessels. Several studies have
demonstrated that augmented angiogenesis in splachnic organs could be mediated through a VEGF-
dependent process (Fernandez et al. 2004; Fernandez et al. 2005). Indeed, VEGF signaling blockade
markedly attenuates the increase in splanchnic blood flow, as well as the increased splanchnic
vascularization observed in portal hypertensive animals. Therefore, modulation of angiogenesis

may represent a potential target in the treatment of portal hypertension.

The clinical consequences of the hyperdynamic syndrome which are manifest in advanced cirrhosis
include risk of variceal bleeding, ascites, hepatic encephalopathy, hepatorenal syndrome,
hepatopulmonary syndrome, portopulmonary hypertension and cirrhotic cadiomiopathy (Licata et
al. 2014).



I11.  Aging at a glance

Aging is a natural and time-dependent decline in organs functionality in all-living organisms
leading to death. Moreover, it is the largest risk factor for chronic diseases development including

cardiovascular, neurological and liver pathologies (Lépez-Otin et al. 2013).

During the last years, European demographic reports have warned about the increasing trend in the
median age population. As we can observe in the population pyramid presented in Graph 1
according to the baseline 2015-based population projections, the structure of the EU and euro-area
populations is expected to age significantly. In fact, in all age cohorts of 65 years old and above, the
projected population in 2070 is higher than in 2015. Moreover, while in 2016 the largest cohort for
both males and females was 45-49 years old, in 2070 the largest cohort is expected to be 70-74
years old for women and 50-54 years old for men (He et al. 2016; Uddin 2017).
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Graph 1: Population by age group and gender, 2016-70 (thousands). Source: Eurostat, 2015-based
population projection, 2018.

The experts in the aging field suspect that the socioeconomic and medical care improvements are
the major reasons for the life expectancy increment leading to the expansion of the elderly

population.

Considering these alarming reports, aging and age-associated diseases are one of the greatest

socioeconomic challenges that developed and developing countries must face.



I11.1. Aging and the liver

Many research studies have focused on understanding the molecular basis of aging in different

organs and tried to find therapeutic strategies to prevent age-related diseases.

In 1986, Popper studied for the first time the age-related alterations in the liver. In fact, he described
that the liver with age is characterized by a brown and atrophic aspect, which is attributed to the
accumulation of lipofuscin pigments (Popper 1986). Since these first approaches, and along with
technologies development many other studies have been able to better describe the changes

occurring in the aged liver.

Aging is associated with gradual alteration of hepatic structure and function as well as various
changes in liver cells (Schmucker 2005). I am going to summarize in the next lines the main
alterations that have been described so far.

111.2. Aging and liver volume, blood flow, and function

Aged liver is accompanied by a reduction in hepatic liver mass and hepatic blood flow, which cause
a decline in the organ functionality. Several studies have shown a gradually decrease around 20-
40% in the liver volume as one gets older (Wynne et al. 1989). The alteration in this parameter is a
direct consequence of the 25-35% decline in the hepatic blood flow from aged livers (Zoli et al.

1999) and, a decrease in the mass of functional liver cells (Wakabayashi et al. 2002).

More reports have analyzed and observed several alterations in single variables in the liver during
aging. The serum albumin and bilirubin concentrations are slightly decrease in the aging process.
The metabolism of low-density lipoprotein is decreased around 35%, while the high-density protein
and cholesterol levels both in the liver and in the circulation increases over time. At last, the serum
v-glutamyltransferase and alkaline phosphatase levels are elevated with aging (Tietz et al. 1992).
Impaired drug metabolism has been associated with aging; this function is often reduced by 40-50%
in old age and is specially affecting Phase | metabolism drugs (Le Couteur & McLean 1998).

The vast majority of these alterations have been confirmed in different animal models including
mice and rats, non-human primates (Cogger et al. 2003) and humans (Le Couteur et al. 2001;
Vollmar et al. 2002). However, still not well studied if all these changes are consequence of a

decrease in the cell number, cell dysfunction or most probably, as a result of both.



111.3. Aging and the hepatic sinusoid

Most of the studies so far have focused on studying the effects of aging in liver functionality and
therefore, in hepatocytes. Relatively is known about the consequences of aging in the other cells of
the hepatic sinusoid. A few studies from Le Couteur’s lab in Sydney suggested a morphological
change in the sinusoidal vascular system (Le Couteur et al. 2008; Hunt et al. 2019). I’ve overviewed

in the next lines the aged-related known findings in the main cells of the hepatic sinusoid.

111.3.1 Aged hepatocytes

The volume of liver cells increases with their maturity but starts to decrease gradually with aging.
As mentioned before, Popper found accumulations of lipofucsin protein aggregates in aged
hepatocytes. Similarly, as occurs with other aged-related diseases, like Alzheimer’s, t damaged and
denatured proteins by oxidative stress cannot be degraded and consequently, they accumulate inside
the cell forming these highly cross-linked non-degradable protein aggregates. Lipofucsin masses
cause an increased in the generation of ROS in cells reducing their survivability (H6hn & Grune
2013). A decline in the ATP levels has been observed, as a consequence of both the decreased in the
number of mitochondria and a dysfunction of them (Sastre et al. 1996). Also, the area of smooth
endoplasmic reticulum is markedly reduced with aging, correlating with the age-related decline in
the hepatic microsomal protein synthesis and the activity of constituent enzymes from this organelle
(Schmucker et al. 1990).

Polyploidy, which depends on both increases in the number of nuclei per cell plus DNA content of
each nucleus, generally does not exceed 15% of the hepatocytes from adult humans. However, the
fraction of polyploid hepatocytes increases to 42% in the liver from aged individuals (Kudryavtsev
etal. 1993).

Finally, a major characteristic of the aging process is a reduced proliferative response, which is
consequence of the significant delay in cell cycle entry and the significant reduction of the number
of proliferating hepatocytes (Bucher et al. 1964; Fry et al. 1984; Timchenko et al. 1998). Some
studies are trying to elucidate the molecular mechanisms for the age-dependent loss of liver
regenerative capacity. Thus may involve alterations in CCAAT/enhancer-binding protein (C/EBP)
family members (a, B, v), glycogen synthase kinase 3 (GSK3p), histone deacetylase 1 (HDAC1),
and sirtuinl (SIRT1) epigenetic and signaling pathways (Gagliano et al. 2007; Jin et al. 2009;
Timchenko 2009; Jiang et al. 2013).



111.3.2. Aged liver sinusoidal endothelial cells

First studies analyzing the effects of aging in LSECs found no major changes (De Leeuw et al.
1990) but, a few years later new reports described that old age is associated with changes in the
structure of LSECs and the space of Disse (Jamieson et al. 2007; McLean et al. 2003; Warren et al.
2005; Ito et al. 2007). The aging sinusoidal endothelium is pseudocapillarized, meaning that aged
LSECs present an increase in their thickness, a reduction in the porosity and number of
fenestrations and deposition of perisinusoidal basal lamina, they become more like capillaries in
other non-fenestrated vascular beds (Le Couteur et al. 2001). The term “pseudo” is added to
distinguish it from the more pronounced capillarization effect observed in LSECs after chronic liver
injury. The endothelial defenestration cause a negatively effect in the effective removal of
substances deposited in excess in the liver (like chylomicrons) due to the reduction in the
endocytosis function (Le Couteur et al. 2005). Endocytosis dysfunction in the aged LSECs causes
the deposition of circulating products outside the liver increasing the risk for other aged-related
diseases including diabetes, arteriosclerosis and neurodegenerative disorders (Le Couteur &
McLean 1998).

Just a few studies have tried to identify alterations in the phenotype and functionality of LSECS
with aging. It has been reported an increased in the expression of the glycoprotein von Willebrand
factor (vWF) in old animals (Hilmer et al. 2005). The healthy endothelium does not express this
protein, but after an endothelial injury occurs VWF is synthesized and secreted to mediate the
attachment of platelets. Other studies showed a reduction in caveolin-1 expression (Jamieson et al.
2007) and increased in ICAM-1 expression (Ito et al. 2007), altogether suggesting alterations in
LSEC biology. However, further studies are needed to understand the age-related changes in the

phenotype of LSECs.

111.3.3. Aged hepatic stellate cells

Less is even known about the effect of aging in HSC. One study reported an increase in the number
of desmin-positive HSC with aging, without any differences in the number of «-SMA positive
HSC (Le Couteur et al. 2011). Also, has been described a variable up-regulation of collagen IV and
Sirius red, markers of extracellular matrix and a marked accumulation of lipid deposition inside

these cells (Figure 12).
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Figure 12. Hepatic stellate cells in the aged liver. Representative transmission electron microscopy image of
the hepatic sinusoid from 20-months old rat liver (8000X). We can observe an open sinusoid and in the right
side of it a HSC with high amounts of lipid droplets accumulated in its cytosol, typical feature of HSC from

aged livers.

111.3.4. Aged Kupffer cells

The effects of aging on hepatic macrophage population dynamics, polarization, and function are not
well understood. Just one report have observed that with aging the number and activation of
Kupffer cells is increased (Hilmer et al. 2007). Studies performed on macrophages derived from
other aged sources, such as the bone marrow, peritoneal cavity, lungs, and brain, have demonstrated
other molecular alterations including reductions in autophagy and phagocytosis, dysfunction in
cytokine signaling, and altered morphology and distribution, likely mediated by epigenetic changes
and mitochondrial defects. Further studies are needed to confirm if these alterations are applicable

to aged hepatic macrophages (Stahl et al. 2018).



I11.4. Liver diseases in the elderly

Aging has been defined as a major risk factor for the development of chronic liver conditions

(Tsochatzis et al. 2014; Sheedfar et al. 2013).

The incidence of aCLD increases dramatically with age, and is accompanied by worse prognosis
(Angulo et al. 1999). All this epidemiological studies confirm that cirrhosis is more prevalent in the
elderly (Frith et al. 2009), it progresses faster in this sub-group of patients (Poynard et al. 2001) and
importantly, that decompensation is more frequent in older patients (14%) compared to younger

ones (4%) (Thabut et al. 2006; Davis et al. 2010).

Moreover, aging is suspect to be a major factor in fibrosis progression (Poynard et al. 2001). In the
pre-clinical scenario, little is known about the impact of aging on liver diseases. Previous work
suggested higher rate of fibrosis deposition in aged rats and attributed this to alterations in the
immune response (Ramirez et al. 2017; Collins et al. 2013). Importantly, and despite the impact of
aging on human aCLD, most of the pre-clinical studies aimed at understanding liver disease
pathophysiology have been developed in young animals, without considering age as an influencing

factor for aCLD development. Therefore, it is an orphan subject that needs to be study.



IV.  Current treatments and future perspectives.

The study of the molecular pathways responsible for the increment in HVR has led to the discovery
of potential therapeutic strategies for the treatment of portal hypertension. Although the significant
efforts on testing and validating safe and reliable strategies to reduce the HVR in cirrhotic patients
still represent a pending issue (Gracia-Sancho et al. 2015). The current treatments available for
portal hypertension are focused on reducing the hyperdynamic syndrome, or the prevention of
portal hypertension-direct complications, mostly gastroesophageal varices and variceal hemorrhage
(Vilaseca et al. 2018). Management of varices/variceal hemorrhage is based on the clinical stage of
portal hypertension, which is measure using the HVPG. HVPG is a good surrogate marker of portal
hypertension with a robust prognostic power (Burroughs & Thalheimer 2010). Portal hypertension
is considered clinically significant when the HVPG is above 10 mmHg since patients with HVPG of
less than10 mmHg had a 90% probability of not progressing to decompensation during median
follow-up of 4 years (Tsochatzis et al. 2014). Nowadays, no specific treatment has shown to prevent
the formation of varices. Accordingly, treatments are given to prevent the first variceal hemorrhage
using P-blockers or esophageal band ligation depending on the size/characteristics of varices.
While, vasoactive drugs, endoscopic band ligation, antibiotics prophylaxis and transjugular
intrahepatic portosystemic shunt (TIPS) are the standard of care once an acute variceal hemorrhage

has occurred (Bari & Garcia-Tsao 2012).

IV.1 Statins

Statins are a group of drugs that inhibit the action of the hydroxyl-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase. Statins were originally developed to lower lipid levels and treat
hypercholesterolemia. However, the use of Statins to treat different conditions have shown
beneficial and pleiotropic properties beside and independent of its cholesterol lowering effects
(Sirtori 2014; Kopterides & Falagas 2009). The so-called pleiotropic effects of statins include
improvement of endothelial dysfunction, antioxidant, anti-fibrotic, anti-inflammatory, anti-
proliferative, anti-angiogenic, pro-apoptotic and immunomodulatory effects. For this reason, statins
have been widely assessed for drug repurposing, including hepatology (Beckman & Creager 2006;
Moctezuma-Velazquez et al. 2018).

The mevalonate pathway is an essential metabolic pathway that under physiological conditions

produces the components used to make isoprenoids, a diverse class of biomolecules that are vital for
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regulating cellular processes. Cholesterol, heme, vitamin K, coenzyme Q10 and steroid hormones
are among the most important and known isoprenoids (Goldstein & Brown 1990). Inhibition of the
mevalonate pathway prevents the formation of farnesyl-pyrophosphate (FPP), necessary for the
synthesis of squalene and cholesterol, and geranylgeranyl-pyrophosphate (GGPP), which regulates
the activity of the small GTPases Rho, Racl and Ras (Figure 13) (Casey 1995). These GTPases are
essential key regulators of diverse critical cellular functions including cytoskeleton dynamics, cell
cycle progression, migration, generation of reactive oxygen species and gene expression (NO

synthesis, endothelin, inflammatory and thrombotic factors) (Liao 2002).
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Figure 13: Effects of statins on mevalonate pathway. The beneficial effects of statins are through 1) lowering
cholesterol synthesis and 2) cholesterol-independent effects related to the lack of production of the
isoprenoid intermediate geranyl-geranyl-PP (GGPP).



For their pleiotropic effects Statins emerged as a good candidate for the treatment of aCLD. In fact,
in 2004 our group was the pioneer administrating statins to cirrhotic patients with portal
hypertension, demonstrating their beneficial effects reducing the intrahepatic vascular resistance
(Zafra et al. 2004). Posterior pre-clinical and clinical studies have confirmed the benefits of statins
not only on portal hypertension, but also in the development and survival of hepatocellular
carcinoma (Zafra et al. 2004; Abraldes et al. 2007; Abraldes et al. 2016; Mohanty et al. 2016). Part
of the underlying mechanisms of statins improving portal hypertension has been attributed to their
sinusoidal-protective properties: improving the phenotype of the sinusoidal cells, activating the
expression of KLF2, deactivating HSC, ameliorating the dysfunctional endothelium by promoting
the increased of the NO pathway specifically in the liver and reducing oxidative stress (Trebicka et

al. 2007; Marrone et al. 2015; Meireles et al. 2017; Tripathi et al. 2018).

IV.2. Treating aCLD in the elderly

We have seen along chapter III the age-related changes in the liver and in the organism and how
they can affect its functionality, including a dramatic effect in drug disposition and
pharmacodynamic responses. These changes have significant clinical implications for geriatrics
populations, altering the risk-benefit of medical interventions in the elderly population (McLean &
Le Couteur 2004). Treatment of older patients with liver disease may require different therapeutic
strategies as demonstrates the few studies that have tried to address this issue. While Hepatitis C is
more prevalent in the elderly population, the efficacy and safety of treating aged patients with
antivirals is a source of debate, since this subgroup of patients seems to be more sensitive to
develop side effects (Malnick et al. 2014). Another report showed that liver transplantation
recipients aged more tan 60 years exhibited lower survival rates compared with those aged between

45 and 60 years (Randall et al. 2003).

There is accumulating evidence that statins have beneficial effects for treating chronic liver disease
but, further trials and pre-clinical studies are necessary to demonstrate if statins are positive in
the elderly (Schierwagen et al. 2017). In fact, the efficacy and safety of statin therapy among older
people have only being addressed for treating cardiovascular diseases and even in this field, it is
still on discussion due to lack of studies and information. One recent clinical trial showed that statin
therapy produced significant reductions in major vascular events irrespective of age, but it was not
clear the benefit of statins treatment among patients with no evidence of occlusive vascular disease

(Armitage et al. 2019).



Therefore, future studies are needed to understand more about the molecular mechanism of aging
and help to develop suitable treatment strategies in this subgroup of patients and block the

progression of aging-induced liver diseases.
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Hypothesis and aims

Nowadays, aging represents an important healthcare and social issue. Societies around the world are
experiencing a significant increase in the elderly population every year due to extension of the
lifespan as a result of socioeconomic and medical care improvements. According to the last
European Aging Report, 23% of the European population will be over 65 years old in 2030 (He et
al. 2016).

The liver during aging shows a physiological decline in some of their functions, as detoxification,
synthetic capacities or regeneration. The molecular mechanisms explaining these alterations have
not been explored in depth. Previous reports have shown single variables modified with aging
including a reduction in liver mass, hepatic blood flow, or pseudocapillarization (Hunt et al. 2019).
Nevertheless, studies analyzing how aging affects the hepatic sinusoidal milieu, its cellular

components, and the hepatic microcirculatory function are limited.

Advanced chronic liver disease (aCLD), with 844 million people affected worldwide, is another
relevant and costly problem for our society. Aging is a major risk factor for the development of
chronic diseases including the ones affecting the liver. It has been shown that the incidence of
aCLD increases dramatically with age, and is accompanied by worse prognosis (Carrier et al. 2019).
Moreover, the risk-benefit of medical interventions in the elderly population is affected. Statins are
an important therapeutic strategy proposed for the treatment of aCLD but it is unknown how the
aged subgroup of patients respond to this treatment (Armitage et al. 2019). Despite the impact of
aging in human aCLD, most of the pre-clinical studies designed to understand the liver disease
pathophysiology and exploring the benefits of statins on aCLD have been made in young animals,

ignoring this variable from the analysis (Moctezuma-Velazquez et al. 2018).

Considering all the facts mentioned before and the importance of maintaining a healthy sinusoidal
phenotype for the globally protection of the liver function, the present thesis aimed to study the
hepatic sinusoid in different experimental models of aging. Firstly, it was characterized the liver
sinusoid during aging in healthy animals. Secondly, it was investigated the impact of cirrhosis in
aged animals. Lastly, statins have been proposed as treatment for aCLD in the old population by

delaying the damage on liver microcirculation and function.



= Study 1. Effects of aging on liver microcirculatory function and sinusoidal phenotype.

The socioeconomic and medical care improvements of the last decades have led to a relevant
increase in the median age of worldwide population. Although some studies described the impact of
aging in liver function, little is known about its effect in the hepatic microcirculatory status. We
hypothesized that in the elderly the hepatic sinusoidal environment is mildly dysfunctional due to
deregulations in the main cells of the hepatic sinusoid. That’s why in this study; we aimed at
characterizing the phenotype of the aged liver in a rat model of healthy aging, particularly focusing

on the microcirculatory function and the molecular status of each hepatic cell type in the sinusoid.

= Study 2. Aging influences hepatic microvascular biology and liver fibrosis in advanced
chronic liver disease.

Advanced chronic liver disease (aCLD) represents a major public health concern. As we have seen
in the thesis introduction, aCLD is more prevalent and severe in the elderly, carrying a higher risk
of decompensation. Considering this, we hypothesized that the cumulative mild changes we have
observed in the sinusoidal milieu of healthy aged livers (Study 1) may have relevant consequences
during chronic liver injury. Consequently, the present study aimed at understanding how aging may
impact on the pathobiology of aCLD, specially focusing on the hepatic microcirculatory
dysfunction, fibrosis and portal hypertension. Secondary aims included the evaluation of
simvastatin as a therapeutic option in a pre-clinical rat model of aged cirrhosis, and to elucidate the

mechanisms responsible for the possible beneficial effects of the treatment.
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Abstract

The socioeconomic and medical improvements of the last decades have led to a rel-
evant increase in the median age of worldwide population. Although numerous
studies described the impact of aging in different organs and the systemic vascula-
ture, relatively little is known about liver function and hepatic microcirculatory sta-
tus in the elderly. In this study, we aimed at characterizing the phenotype of the
aged liver in a rat model of healthy aging, particularly focusing on the microcircula-
tory function and the molecular status of each hepatic cell type in the sinusoid.
Moreover, major findings of the study were validated in young and aged human liv-
ers. Our results demonstrate that healthy aging is associated with hepatic and sinu-
soidal dysfunction, with elevated hepatic vascular resistance and increased portal
pressure. Underlying mechanisms of such hemodynamic disturbances included typi-
cal molecular changes in the cells of the hepatic sinusoid and deterioration in hepa-
tocyte function. In a specific manner, liver sinusoidal endothelial cells presented a
dysfunctional phenotype with diminished vasodilators synthesis, hepatic macro-
phages exhibited a proinflammatory state, while hepatic stellate cells spontaneously
displayed an activated profile. In an important way, major changes in sinusoidal

markers were confirmed in livers from aged humans. In conclusion, our study
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demonstrates for the first time that aging is accompanied by significant liver sinu-

soidal deregulation suggesting enhanced sinusoidal vulnerability to chronic or acute

injuries.

1 | INTRODUCTION

Societies in developed countries are getting older due to
the increase in life expectancy. Nowadays, 14% of European citi-
zens are aged over 65, and by 2030, they are expected to consti-
tute 23% (He, Goodkind, & Kowal, 2016). Therefore, the pace of
population aging represents an important healthcare and social
issue and it is therefore essential to understand the molecular
basis of aging to identify possible approaches for therapeutic
intervention.

The liver plays essential roles in metabolism, toxicants clearance,
regulation of inflammation, and molecule biosynthesis. To fulfill these
complex tasks, it requires an adequate microcirculation and a correct
coordinated function of all hepatic cell types (Arias et al., 2009).
Although it is well known that hepatocytes constitute the main cell
type contributing to the metabolic and synthetic capacities of the
liver, their function deeply depends on an efficient exchange of sub-
stances with the blood stream and a proper communication with
other hepatic cells.

Liver sinusoidal endothelial cells (LSEC), hepatic stellate cells
(HSC), and Kupffer cells (KC) are the major components of the hep-
atic sinusoid, which collaborate to maintain the integrity and func-
tionality of the unique liver microcirculatory system (Marrone, Shah,
& Gracia-Sancho, 2016). LSEC are a very specialized fenestrated
endothelial cell forming the capillary bed of the sinusoids, being sep-
arated from hepatocytes through the space of Disse. HSC are vita-
min A storing cells located in the space of Disse, surrounding LSEC,
and represent the liver pericytes. At last, KC, the resident macro-
phages of the liver, are located at the luminal side of the endothelial
lining (Fernandez-Iglesias & Gracia-Sancho, 2017; Friedman, 2008; Ju
& Tacke, 2016).

Previous studies characterized single variables in the liver during
aging and showed reduction in liver mass and hepatic blood flow,
partial loss of endothelial fenestration, and possibly activation of
HSC (Le Couteur et al., 2001; Vollmar, Pradarutti, Richter, & Menger,
2002). Nevertheless, studies analyzing in depth the hepatic sinusoid,
its cellular components, and the hepatic microcirculatory function in
aging are limited.

This study aimed at comprehensively characterizing the pheno-
type of the sinusoid in aged liver using a preclinical rat model of
healthy aging, particularly focusing on the microcirculatory function
and the molecular profile of each major liver cell type. In addition,
our study further compared these findings to the key cellular
modifications related to aging in livers from young and aged
humans.

2 | RESULTS

2.1 | Aged rat model: Baseline characteristics and
biochemical parameters

As shown in Table 1, aged rats (20 months old) presented signifi-
cantly increased body and liver weight compared to 3-month young
rats, however, liver-body weight ratio was moderately diminished in
old rats. In addition, elderly animals exhibited certain decline in liver
function as suggested by reductions in albumin levels and bile pro-
duction, although no significant differences in transaminases (as a
marker of liver cell injury) were observed. Evaluation of plasma lipids
revealed an increase in cholesterol and LDL cholesterol, without sig-
nificant changes in HDL cholesterol, triglycerides, and free fatty
acids. Moreover, aged rats had higher hepatic lipid accumulation as
compared to young rats by oil red O staining. Hepatic malondialde-
hyde (MDA) in old rats was elevated, suggesting an increase in
oxidative stress secondary to lipid peroxidation process.

As expected, analysis of senescence markers exhibited differences
between young and old animals (Supporting Information Figure S1).
P16, a protein involved in cell cycle regulation, was up-regulated in
liver tissue and in LSEC freshly isolated from aged rats. SIRT1, an
enzyme related with longevity, was decreased in the aged liver. At last,

we also observed hepatic telomere length attrition in old animals.

2.2 | Aged animals present mild hepatic
microcirculatory dysfunction

When compared to young animals, old rats exhibited significantly higher
hepatic vascular resistance (HVR) in vivo, associated with a reduction in
liver perfusion, altogether leading to a moderately increased portal pres-
sure (PP), without meeting criteria for portal hypertension (Figure 1).
Mean arterial pressure was also significantly elevated, with no signifi-
cant changes in heart rate (308 + 9 vs. 319 + 13 bpm).

Ex vivo perfusion experiments analyzing the liver endothelial-de-
pendent vasodilatory capacity showed no significant differences
between groups (data not shown).

Mechanisms observed

responsible of the age-associated

increased HVR were investigated in succeeding experiments.

2.3 | Aging is associated with mild hepatocyte
injury and dysfunction

Liver architecture was overall preserved in aged animals (Supporting

Information Figure S2); however, evaluation of the severity of
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TABLE 1 Baseline characteristics and biochemical parameters of
3 months young and 20 months old rats

3 months 20 months %
young old change p-value
Body weight (g) 380+9 678 + 22 +78 <0.001
Liver (g) 9.9 +0.3 153+ 04 +54 <0.001
Liver-body weight 2.6 +0.1 24 +01 -8 0.07
ratio (%)
AST (U/L) 119.6 £ 12.2 1132 + 8.5 -5 >0.20
ALT (U/L) 489 + 3.0 549 + 6.1 +12 >0.20
Bile production (ul/ 72.6 + 6.8 31.7 £9.2 -56 <0.001
min*100 g bw)
Albumin (mg/dl) 26.8 +0.5 249 +0.5 -7 <0.001
Plasma cholesterol 521+20 88.5 + 8.8 +69 <0.001
(mg/dI)
Plasma LDL 243 +25 584 +54  +140 <0.001
cholesterol (mg/dl)
Plasma HDL 16.3 + 0.7 195+ 2.2 +19 >0.20
cholesterol (mg/dl)
Plasma triglycerides 57.8+9.1 535+79 -7 >0.20
(mg/dl)
Plasma FFA (mg/dl) 662 + 127 578 + 99 -12 >0.20
Oil red O staining 1.00 £ 0.18 531+ 1.10 +431 <0.001
(%)
MDA (nmol/mg 0.86 £+ 0.23 270 £1.00 +213 0.09
protein)
LPS (EU/mlI) 0.88+0.05 128 +0.11 +45 0.02

Note. Data expressed as mean + SEM (n = 12 each group) AST: aspartate
transaminase; ALT: alanine transaminase; FFA: free fatty acids; MDA:
malondialdehyde; LPS: lipopolysaccharide.

hepatic injury using a histological damage score revealed mild liver
dysfunction in aged rats in comparison with young animals (Support-
ing Information Table S1). Indeed, injury analysis showed differences
between groups in all of the evaluated parameters including cyto-
plasmic vacuolation, nuclear pyknosis, cytoplasmic hypereosinophilia,
loss of intercellular borders, necrosis, neutrophil infiltration, and fat
accumulation. Ultrastructural analysis of liver damage using transmis-
sion electron microscopy (TEM) evidenced a decrease in the number
of sinusoids with no changes in other parameters. In addition, aged
rats showed higher hepatic cell death as demonstrated by the
TUNEL staining (Supporting Information Figure S3a), with no signifi-
cant changes in apoptotic proteins c-caspase-3 and BAD (data not
shown).

Liver tissue analyses were complemented examining the pheno-
type of hepatocytes freshly isolated from both groups of animals
(Supporting Information Figure S3b-d). In agreement with the in vivo
biochemical parameters, aged hepatocytes exhibited slight but not
significant lower urea and albumin synthetic capacity. This was asso-
ciated with deregulation in different specific markers including Oct1
and Mrp3, with no differences in Mrp2 or HNF4a. At last, hepato-
cyte cytochrome P4503A4 activity tended to be higher in aged ani-
mals.

Aging

2.4 | The aged hepatic endothelium is
pseudocapillarized and procontractile

Analysis of the liver sinusoid using scanning electron microscopy
confirmed pseudocapillarization of aged LSEC in this experimental
model of aging. As seen in Figure 2a, fenestrae porosity was mark-
edly diminished in the aged hepatic sinusoid. In accordance, aged liv-
ers exhibited reduced expression of VEGFR2, a protein involved in
fenestrae formation and maintenance, and CD32b, a well-established
marker of LSEC differentiation (Figure 2b,c).

Intrahepatic neovascularization analysis did not show differences
between groups (Figure 2d). Nevertheless, the number of sinusoids
seemed to be decreased in aged livers (Figure 2e), which correlates
with the reduced CD32b expression described above.

Detrimental effects of aging on LSEC phenotype were not lim-
ited to markers of capillarization, but included loss of vasodilatory
capacity. Indeed, aged livers presented reduced eNOS and p-eNOS
protein expression (Figure 2f,g), associated with a 45% reduction in
the NO-secondary messenger cGMP (Figure 2h).

Analysis of primary LSEC confirmed a remarkable dysfunction of
cells isolated from aged animals (Figure 3). Although we did not
observe significant changes in mRNA expression of eNOS, ED1, and
CD31, aged LSEC showed alterations in angiocrine, inflammatory,
scavenging, vasodilatory, and oxidative stress pathways. In fact,
endothelial angiocrine molecules seemed to be decreased in aged
LSEC, and the expression of different proinflammatory cytokines
was up-regulated. The scavenger receptor stabilin-2 was decreased
in aged LSEC. Moreover, p-eNOS expression and NO bioavailability
were reduced in aged LSEC in comparison with cells isolated from
young animals. In addition, aged LSEC displayed significantly more
mitochondrial oxidative stress, alongside reduced expression of the

anti-oxidant enzyme HO-1.

2.5 | Aged hepatic stellate cells are spontaneously
activated

HSC phenotype was characterized both in liver tissue and freshly iso-
lated cells (Figure 4). Analysis using TEM revealed that aged livers
exhibit a nonsignificant increase in the number of stellate cells with
higher number of intracellular lipid droplets in comparison with young.
A trend for increased HSC in aged livers was supported by incre-
mented desmin protein expression and significant increase in the pro-
liferative HSC-related growth factor PDGFRp. In addition, aging was
associated with slight, but significant, activation of HSC as demon-
strated by increments in the mRNA and protein expression of differ-
ent activation markers including a-SMA, collagenlal, collagenla2,
PDGFRp, and p-moesin, together with changes in some matrix remod-
eling genes including TIMP-2 and MMP9. We observed a moderate
but not significant increase in cellular and mitochondrial superoxide
levels in aged HSC in comparison with young HSC. In an interesting
manner, analysis of vitamin A metabolism pathways showed alter-
ations in aged livers; indeed, PNPLA3 expression seemed to be
increased while CRBP-1 protein levels were diminished.
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2.6 | The aged hepatic sinusoid is in a moderate
proinflammatory state

Characterization of the inflammatory status of the liver evidenced that
the aged hepatic sinusoid is rather proinflammatory as suggested by
elevated presence and activity of infiltrated myeloid cells including neu-
trophils, increased amount of CDé8-positive macrophages, and dimin-
ished presence of CD163-positive cells (Figure 5a—c).

When we further analyzed the phenotype of freshly isolated
aged KC, we observed an increase in the inflammatory cytokine
IL-6, a key driver of liver regeneration, infection defense, and reg-
ulation of metabolic functions (Wuestefeld et al., 2013) without
changes in the mRNA expression of other inflammatory molecules
(Figure 5d).

2.7 | Bacterial translocation and intestinal
inflammation are not affected in elderly rats

In comparison with young rats, aged animals did not present discrep-
ancies in gut bacterial translocation to mesenteric lymph nodes,
feces bacterial load, nor in the expression of the cytokines IFN-y,

TNFa, and IL17a measured in the ileum (data not shown). In

contrast, a minor increase in LPS plasmatic levels was observed in
aged rats (Table 1).

2.8 | The aged human liver displays similar features
of a dysfunctional sinusoid

Characterization of the liver sinusoid in young and old human tissues
corroborated most of the molecular changes observed in the animal
model (Figure 6). Indeed, aged livers exhibited features of LSEC de-
differentiation as suggested by significant reductions in angiocrine
and vasodilatory gene expression levels, together with partial activa-
tion of HSC (Supporting Information Figure S4). As expected, lipid
metabolism and senescence pathways were increased in aged
patients.

3 | DISCUSSION

The socioeconomic and medical care improvements occurring during
the last decades have led to a relevant increase in the elderly, espe-
cially in developed countries (He et al., 2016). Therefore, it is critical
to understand the molecular basis of aging and to identify possible

approaches for therapeutic intervention in case major abnormalities

FIGURE 2 Endothelial dedifferentiation in the aged liver. The following markers of sinusoidal endothelial phenotype were analyzed in liver
tissue from young and aged rats. (a) Representative scanning electron microscopy images and quantification of porosity, fenestration
frequency, and fenestration diameter. (b) VEGFR2 protein expression normalized to GAPDH. (c) Representative images of CD32b
immunohistochemistry and corresponding quantification. (d) Representative images of CD31 immunohistochemistry and corresponding
quantification. (e) Representative transmission electron microscopy images and quantification of numbers of sinusoids. (f) Representative
images of eNOS immunohistochemistry and corresponding quantification. (g) Representative western blots of eNOS and p-eNOS, and protein
quantification normalized to GAPDH. (h) Levels of cyclic GMP. n = 3 (a and e) and n = 12 (other panels) per group. Results represent

mean * SEM. All images 400x, scale bar=50 pm
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FIGURE 3 LSEC phenotype in aged livers. The phenotype of LSEC freshly isolated from aged and young rats was characterized as follows.
(a) MRNA expression of eNOS, ED1, and CD31. (b) mRNA expression of HGF, Wnt2, and Hamp. (c) mRNA expression of TNF-a, IL-1, and IL-6.
(d) Representative western blot of stabilin-2 normalized to GAPDH. (e) Representative western blots of eNOS and p-eNOS, normalized to
GAPDH. (f) Representative images of nitric oxide bioavailability using DAF-FM staining (green fluorescence) and corresponding quantification.
(g) Levels of O, (red fluorescence) determined using DHE. (h) Representative images of mitochondrial O,~ measured using mitosox (red
fluorescence) and corresponding quantification. (i) HO-1 protein expression normalized to GAPDH. n = 6 per group. Results represent

mean + SEM

are detected (Longo et al., 2015; Mitchell, Morten, Longo, & Cabo,
2015). Although previous studies described the impact of aging on
the vasculature of different territories, in the specific field of Hepa-
tology, very little is known about the liver microcirculatory function
and the molecular status of hepatic sinusoidal cells in aging (Le Cou-
teur & McLean, 1998; Le Couteur et al., 2001).

In the present study, we demonstrate for the first time that
healthy aged rats exhibit a significant increase in the hepatic vas-
cular resistance, which leads to reduced liver perfusion and to a
mo-derate increment in portal pressure. Although a reduction in
portal blood inflow was previously reported in humans and
rodents (Vollmar et al., 2002), we herein describe a deregulation
in the intra-hepatic vascular system due to diverse molecular
changes in the cells of the hepatic sinusoid, together with deterio-
ration in hepatocyte function.

Analysis of hepatocytes revealed mild liver dysfunction in aged
animals, which could likely be a consequence of altered oxygen and
nutrient supply following the alterations in the vascular system. We
observed a reduction in the liver-body weight ratio, which was
accompanied by a significant decline in synthetic and detoxifying
capabilities as demonstrated by reduced bile formation and decreased
urea and albumin synthesis, together with dysfunctional expression
of hepatocyte transporters. These findings agree with previous
reports (Le Couteur & Mclean, 1998; Lopez-Otin, Blasco, Partridge,
Serrano, & Kroemer, 2013; Tietz, Shuey, & Wekstein, 1992), alto-
gether suggesting a decrease both in the amount and functional
capacity of hepatocytes in aging, therefore advising a potential
enhanced susceptibility to secondary insults such as ischemia/reperfu-
sion or drug-induced liver injury. From a clinical perspective, it is
important to note that these events are especially common in elderly
population, which have the higher prevalence of circulatory diseases
and receive multiple medications with potential hepatotoxicity.

Underlying mechanisms explaining hepatocyte dysfunction may
relate to adaptations following vascular dysfunction, to other age-
derived intracellular deregulation, or to cell senescence per se.
Senescence, a cellular mechanism imposed by natural exhaustion of
cell cycle or by stress-induced signals, was evident in aged animals
as demonstrated by up-regulation in p16 along with a reduction in
telomere length and SIRT1 protein. In addition, we observed an
increase in hepatic oxidative stress, with multiple harmful conse-
quences, that may derive from an imbalance between pro- and anti-
oxidants, together with increased hepatic lipid content, a well-known
source of cellular oxidative stress. In an important way, oxidative
stress could also contribute to potentiate the senescence pathways,
and vice versa, thus creating a deleterious vicious cycle in the aged

liver (Jin, lakova, Jiang, Medrano, & Timchenko, 2011; Sharpless &
De Pinho, 2004).

Characterization of liver microcirculatory dysfunction in aged ani-
mals confirmed LSEC “pseudo-capillarization,” which was defined by
the decrease in the number and size of fenestrae (Le Couteur et al.,
2001). Further analysis revealed a global deregulation in the hepatic
endothelial phenotype in aging as demonstrated by significant
decrease in key vasodilatory pathways, including nitric oxide and
heme oxygenase, increment in intracellular inflammation and oxidative
stress, and reduction in the expression of functional and angiocrine
markers such as stabilin-2, CD32b (Xie et al., 2013), and VEGFR2 (Car-
penter et al., 2005). Reduction in intrahepatic nitric oxide availability is
of relevance considering its importance modulating the vascular tone
(Gracia-Sancho, Maeso-Diaz, Fernandez-Iglesias, Navarro-Zornoza, &
Bosch, 2015; Hori, Wiest, & Groszmann, 1998), exerting anti-inflam-
matory effects (lwakiri & Kim, 2015), and maintaining neighboring cells
phenotype (Marrone et al., 2016; Xie et al., 2013). Reduced nitric
oxide bioavailability might, at least in part, derive from diminished
eNOS activity, which may be due to reduced VEGF-p-eNOS pathway
(Kroll & Waltenberger, 1998), and from increased scavenging due to
elevated oxidative stress (Gracia-Sancho et al., 2008). An additional
mechanism contributing to VEGF-p-eNOS pathway depletion may be
the increase in the senescence marker p16, which exerts an inhibitory
effect on VEGF (Kawagishi et al., 2010). Nevertheless, a previous
study reported no changes in hepatic VEGF expression in aging (Le
Couteur et al, 2007). Therefore, this issue would require further
investigation to confirm the current findings.

Similar to nitric oxide, the observed diminution in HO-1 expres-
sion in the aged endothelium may contribute to the increased HVR
(Van Landeghem et al., 2009). Altogether our results strongly suggest
that vasodilatory pathways in LSEC are profoundly affected by age
and this might be one of the mechanisms responsible of aged-associ-
ated increase in HVR.

A previous report described increased number of fatty HSC in
the aged liver (Warren et al., 2011); however, no comprehensive
analysis of stellate cells phenotype in aging has been conducted.
Herein, we confirm lipid accumulation within aged HSC and addi-
tionally describe increments in other mediators of HSC activation
including intracellular oxidative stress and p16 (Bataller et al., 2003).
In fact, analysis of cellular phenotype revealed a slight, but signifi-
cant, activation of HSC, supported by increments in different activa-
tion markers including a-SMA or collagen I. Underlying mechanisms
explaining HSC activation in aging revealed no modification in differ-
ent proinflammatory mediators including TLR4, NFxB, and TGFp

(data not shown), but interestingly suggested alterations in retinoid
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FIGURE 4 Effects of aging on HSC phenotype. The phenotype of HSC was characterized in aged and young rats as follows. (a)
Quantification of HSC abundance and intracellular lipid droplets in livers using transmission electron microscopy. (b) Representative images of
fibrotic content, measured as positive, are for Masson’s trichromic, a-SMA, and desmin with their corresponding quantifications. (c) e-SMA
protein expression in total liver tissue, normalized to GAPDH. (d) p-moesin protein expression in total liver tissue, normalized to total moesin.
(e) Expression of a-SMA, collagenlal, collagenla2, and PDGFR in freshly isolated HSC. (f) Expression of TIMP1, TIMP2, MMP2, and MMP9
in freshly isolated HSC. (g) Representative images of O, levels in primary HSC (red fluorescence) and corresponding quantification. (h)
Mitochondrial O, levels (red fluorescence) determined in primary HSC. (i) Expression of PNPLA3 in total liver tissue. (j) CRBP1 protein
expression in total liver tissue, normalized to GAPDH. n = 3 (a), n = 12 (b-d, i-j), and n = 6 (e-h) per group. Results represent mean + SEM. All

images 400x, scale bar = 50 pm
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metabolism and breakdown. In fact, aged livers exhibited down-regu-
lated CRBP-1 together with over-expressed PNPLA3, which have
been associated with HSC activation and susceptibility to develop
steatohepatitis (Bruschi et al., 2017; Uchio et al., 2002).

Very few data regarding inflammation and KC phenotype in
aging are available, and the data are inconclusive. For instance, while
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one study reported that KC lose their phagocytic capacity with aging
(Brouwer & Knook, 1983), a subsequent study reported increased
phagocytic activity in KC from aged animals (Hilmer, Cogger, & Le
Couteur, D. G., 2007). In our evaluation, we noticed an increase in
the recruitment of proinflammatory cells with a concomitant incre-

ment in inflammatory markers, altogether suggesting that aging may



10 of 14 B MAESO-DIAZ et AL
CLLEE Aging
[ Jvoung []ou

(@ Liver: neutrophils
Young Old
B 4 2.0 -
&
& p =003 p=0.03
]
§ 3 A | g 1.5 1 T
o
22, o 1.0 -
% [ I
4 I w
2 11 Z 05 1
g
s o0 0.0
(b) Liver: CD68+ cells (c)
Young Old
70 1 e 30 4
% 60 - p<0.001 —p— % —T— p=011
3 50 8 294 —
e w{ _—— g
o =
=
@ 30 - 2
8 2 10 -
= 20 -
3 ©
8 10 - a
0 © 9
) Kupffer cells: phenotype markers
8 20 - g 2.0 1
® 154 P70 p>020  p= 0-081 ? p>0.20 p>020 p>020
S 10 - £ 151
3 3
) )
- < 10
(14 14
£ 1 £
.g . ﬁ ﬁ .g 0.5 |
o -
£ 0.5 4 S
: A ll; :
X 0.0 - X 0.0
TNF-a iNOS IL-6 Mrc1 Arg1 IL-10

FIGURE 5 Innate immune cell activation and inflammation in aging. (a) Representative images of neutrophil immunofluorescence in liver
tissue (MPO in green, histone 2B in red, nuclei in blue). Left, neutrophil infiltration measured as MPO-positive cells. Right, analysis of hepatic
neutrophil extracellular traps (NETs) determined as colocalization of MPO and histone 2B. (b) Representative images of CD68
immunofluorescence in liver tissue and corresponding quantification. (c) Representative images of CD163 immunohistochemistry in liver tissue
and its quantification. (d) Expression of TNF-a, iNOS, IL-6, Mrc1, Argl, and IL-10 in Kupffer cells freshly isolated from young and old rats.

n =12 (a-c) and n = 6 (d) per group. Results represent mean + SEM. All images 400x, scale bar = 50 um

promote a moderate proinflammatory status in the liver. Kupffer infection defense, and regulation of metabolic functions (Schmidt-
cells isolated from aged rats displayed high IL-6 levels, which could Arras & Rose-John, 2016), while traditional “polarization markers” of
possibly reflect beneficial effects of IL-6 on liver regeneration, hepatic macrophages (Krenkel & Tacke, 2017) were not dramatically
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using negative values for transcripts that are decreased in old humans. *p-value <0.05, n = 14 young and 13 old livers. Clinical characteristics

of donors are described in Supporting Information Table S2

altered. However, given the complexity of inflammation and immune
cell subsets, further investigations are required to define, which
inflammatory processes are functionally relevant during aging.

The translocation of bacterial products from the gut is the conse-
quence of intestinal barrier disruption and may lead to bacterial
infection and have consequences in terms of liver and systemic
inflammation and HSC activation. Considering the hemodynamic and
inflammatory changes observed in aged animals, we aimed at analy-
zing bacterial translocation, fecal bacterial load, intestinal inflamma-
tion, and endotoxemia in old rats. In an interesting manner, these
analyses revealed no significant differences in most of these parame-
ters when comparing both groups of rats, except for LPS plasmatic
levels that were increased in aged rats. We therefore cannot discard
that the observed minimal aged-related endotoxemia may contribute
to the abnormalities of sinusoidal cells.

At last, and although an undeniable degree of heterogeneity was
found in each group analyzed, characterization of liver biopsies from
healthy young and old humans confirmed the overall trend of path-
way deregulation, therefore suggesting that sinusoidal vulnerability

hereby described in old rats is also of relevance in human aging.

Many efforts are currently being directed toward the development
of novel therapeutic approaches for portal hypertension (Gracia-Sancho
et al., 2015). Most preclinical studies on the effects of different sub-
stances and drugs on the liver circulation have been conducted in young
animals. Our current work revealed striking differences between young
and aged liver, including alterations in vasoactive pathways, indicating
that studies performed in young animals may not entirely reflect what
should be expected from the cli-nical use of most interventions, as
vasoactive drugs are and will be mainly prescribed in the elderly.

We are aware that our study is descriptive in nature. However,
this work represents an important cornerstone characterization of
liver aging. While single variables have been examined previously, no
preceding report fully described the liver microcirculatory phenotype
in a preclinical model of healthy aging, additionally including valida-
tion in human samples. These data provide important evidence for
the changing biology of the liver in aging and create new research
avenues to comprehend the effects of acute or chronic liver injury in
the elderly. It is important to acknowledge that aged animals exhib-
ited some degree of steatosis; therefore, part of the results could be

attributable to intracellular fat instead of age. Nevertheless, a
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subanalysis of animals without evidence of significant steatosis con-
firmed the same hemodynamic and molecular results than in the
group of animals exhibiting steatosis (data not shown), therefore
ensuring that the results of this study describe the effects of aging
per se on liver microcirculatory phenotype.

In conclusion, the present study demonstrates for the first time
that aging is accompanied by significant liver sinusoidal deregulation,
both in rodents and humans, suggesting sinusoidal vulnerability in

front of subsequent chronic or acute injuries.

4 | EXPERIMENTAL PROCEDURES

A complete description of Materials and Methods can be found in
Appendix S1.

4.1 | Animal model

Male Wistar rats at the age of 20 months old were used to evaluate
aging and compared to young animals of 3 months old (n = 12 animals
per group) (Steppan et al., 2014; Wang, Wehling-Henricks, Samengo, &
Tidball, 2015). Animals were kept in environmentally controlled animal
facilities at IDIBAPS. All procedures were approved by the Laboratory
Animal Care and Use Committee of the University of Barcelona and
were conducted in accordance with the European Community guideli-
nes for the protection of animals used for experimental and other scien-
tific purposes (EEC Directive 86/609).

4.2 | In vivo hemodynamic measurements

Mean arterial pressure (MAP), portal pressure (PP), and portal blood
flow (PBF) were measured in old and young rats using micro-
catheters and flow probes (Marrone et al., 2015). Hepatic vascular
resistance (HVR) was calculated as PP/PBF.

4.3 | Hepatic cells isolation

Hepatocytes, Kupffer cells (KC), liver sinusoidal endothelial cells
(LSEC), and hepatic stellate cells (HSC) were isolated using well-
established protocols (De Mesquita et al., 2017; Gracia-Sancho et al.,
2007). Only highly pure and viable cells were used.

4.4 | Electron microscopy

Liver sinusoidal ultrastructure was characterized using electron

microscopy as previously described (Le Couteur et al., 2001).

4.5 | Histological analysis

Liver samples were fixed in 10% formalin, embedded in paraffin, sec-
tioned, and slides were stained with hematoxylin and eosin (H&E) to ana-
lyze the hepatic parenchyma (Hide et al. 2016), with Masson’s trichrome

for liver fibrosis evaluation (Gracia-Sancho et al., 2011), with oil red O
for lipid quantification or with corresponding antibodies for immunohis-

tochemistry (IHC) or immunofluorescence (IF; Marrone et al., 2015).

4.6 | Cell death

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) was performed in deparaffinized liver sections using an In
Situ Cell Death Detection Kit (Roche Diagnostics, Sant Cugat del
Valles, Barcelona, Spain) according to the manufacturer’s instructions
(Hide et al., 2014).

4.7 | Nitric oxide and superoxide determinations

Levels of cGMP, marker of nitric oxide bioavailability, were analyzed
in liver homogenates using an enzyme immunoassay following manu-
facturer instructions (Cayman Chemical Co., Ann Arbor, MI) (Gracia-
Sancho et al., 2008). In situ superoxide and nitric oxide levels in cells
were assessed with the oxidative fluorescent dye dihydroethidium
(DHE 10 puM; Molecular Probes Inc., Eugene, OR) or with 4-amino-5-
methylamino-2’,7'-difluorofluorescein diacetate (DAF-FM-DA 10 uM;
Molecular Probes Inc.), respectively, as described (Hide et al., 2014).
Fluorescence images were obtained with a fluorescence microscope
(Olympus BX51, Tokyo, Japan), and quantitative analysis of at least
20 images per condition containing equivalent number of cells was
performed with Image J 1.44m software.

4.8 | Human liver samples collection for mRNA
analysis

Two-by-two cm wedge sharp cuts were obtained from the liver from
donors after brain death without the use of electrocautery, once the
donor next of kin provided written informed consent (Document R-
DON-049 02/15). Biopsies were immediately stored in diethyl pyro-
carbonate solution, a nuclease inhibitor, for mRNA analysis. Ethics
Committee of the Barcelona Hospital Clinic approved the experimen-
tal protocol (HCB/2011/6499). RNA extraction and gene expression
analysis were performed as described in Supporting Information
Appendix S1 (Experimental Procedures). Experimental groups were
defined considering donors’ age: young (n =14, mean age
28 + 2 years old, range 19-38) and old (n = 13, mean age 76 + 0.8,
range 71-85). No differences in other clinical parameters were found

comparing groups (Supporting Information Table S2).

4.9 | Statistical analysis

Statistical analysis was performed with the SPSS for Windows statis-
tical package (IBM, Armonk, New York, USA). All results are
expressed as mean + standard error of the mean (SEM). Comparisons
between groups were performed with Student's t test. Differences
were considered significant at a p value <0.05.
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Supplementary Experimental Procedures

In vivo hemodynamic

Rats were anesthetized with ketamine (100 mg/kg body weight, Imalgene 1000;
Merial) plus midazolam (5 mg/kg body weight; Laboratorio Reig Jofre, S.A.,
Spain) intraperitoneally, fastened to a surgical board, and maintained at a
constant temperature of 37 £ 0.5°C.

A tracheotomy and cannulation with a PE-240 catheter (Portex) was performed
in order to maintain adequate respiration during anesthesia. Indwelling
catheters made of polyethylene tubing (PE-50; Portex, UK) were placed into the
femoral artery to measure mean arterial pressure (MAP; mm Hg) and heart rate
(HR; beats per minute), and to the ileocolic vein to measure PP (mmHg). PBF
(mL/min) was measured with a nonconstrictive perivascular ultrasonic transit-
time flow probe (2PR, 2-mm diameter; Transonic Systems Inc., USA) placed
around the portal vein just before its entrance in the liver, avoiding the
measurement of most portal-collateral blood flow. The flow probe and pressure
transducers were connected to a Powerlab (4SP) linked to a computer using
Chart v5.5.6 for Windows software (AD Instruments, Australia). Hepatic

vascular resistance (HVR) was calculated as PP/PBF. Hemodynamic data were



collected after a 20-minute stabilization period (Gracia-Sancho et al. 2007). At
the end of the in vivo hemodynamic study, serum samples from young and
aged-rats were collected to subsequently evaluate alanine aminotransferase
(ALT), aspartate aminotransferase (AST), bilirubin, and albumin, all by standard

protocols. Experiments and data collection were performed blindly.

Hepatic cells isolation

Hepatocytes, Kupffer cells (KC) and Liver Sinusoidal Endothelial Cells (LSEC)
were isolated using a well established protocol (Gracia-Sancho et al. 2007). Rat
livers were perfused through the portal vein with Hanks without Ca*® and Mg*?
containing 12 mM hepes (H3375, Sigma) pH 7.4, 0.6 mM ethylene glycol-bis (2-
aminoethylether)-N,N,N’,N'-tetraacetic acid (E4378, Sigma) and 0.23 mM
bovine serum albumin (BSA; A1391,0100, Applichem). Then, perfused for 30
min with 0.015% collagenase A (103586, Roche) Hanks containing 12 mM
hepes (pH 7.4) and 4 mM CaCl,. The resultant digested liver was excised and
in vitro digestion was performed at 37°C with 0.01% collagenase A, Hank’s
containing 12 mM hepes (pH 7.4) and 4 mM CacCl, for 10 min. Disaggregated
tissue was filtered using 100 um nylon strainer, collected in cold Krebs’ buffer
and centrifuged at 50 g for 5 min. The pellet was washed three times for
hepatocytes enrichment. Hepatocytes were seeded in collagen-coated wells
and cultured in Dulbecco’s Modified Eagle’s Medium (DMEMF12; 11320074,
Gibco) supplemented with 2% fetal bovine serum (04-001-1A, Reactiva), 1% L-
glutamine (25030-024, Gibco), 1% penicillin plus 1% streptomycin (03-331-1C,
Reactiva), 1 nM dexamethasone (D4902, Sigma), 1 uM insulin (103755, HCB)
and 1% amphotericin B (03-029-1C, Reactiva). The supernatant was

centrifuged at 800g for 10 min and the obtained pellet was resuspended in



Dulbecco’s PBS (DPBS) and centrifuged at 800g through a two-step Percoll
gradient (25-50%). The interface of the gradient was enriched in KC and LSEC.
This cell fraction was diluted in DPBS and centrifuged at 800g. The cell pellet
was resuspended in RPMI medium, seeded in plastic dishes and incubated for
30 min at 37°C in humid atmosphere with 5% CO, in order to enhance KC purity.
Non-adherent cells were seeded in collagen-coated wells and incubated for 1h
(37°C, 5% CO,). After this time the medium was discarded and LSEC adhered
cells were washed twice with DPBS and cultured in RPMI-1640 (01-100-1A,
Reactiva) supplemented with 10% fetal bovine serum (04-001-1A, Reactiva),
1% L-glutamine (25030-024, Gibco), 1% penicillin plus 1% streptomycin (03-
331-1C, Reactiva), 0.1 mg/ml heparin (H3393, Sigma), 0.05 mg/ml endothelial
cell growth supplement (BT-203, BT) and 1% amphotericin B (03-029-1C,
Reactiva). HSC were isolated through a sequential in situ perfusion of the liver
with 0.195 mg/ml collagenase A (Roche), 1.5 mg/ml pronase (Roche) and 0.05
mg/ml Dnase (Roche) in Gey's Balanced Salt Solution (GBSS; Sigma), and
dispersed cells were fractionated by density gradient centrifugation using 11.5%
Optiprep (Sigma) (De Mesquita et al. 2017). HSC were cultured in Iscove’s
Modified Dulbecco’s Media (IMDM, Invitrogen, Gibco) supplemented with 10%
fetal bovine serum (04-001-1A, Reactiva), 1% L-glutamine (25030-024, Gibco),
1% penicillin plus 1% streptomycin (03-331-1C, Reactiva) and 1% amphotericin

B (03-029-1C, Reactiva). Viability and purity were systematically over 95%.

Electron microscopy
Liver sinusoidal ultrastructure was characterized using electron microscopy as
previously described (Le Couteur et al. 2001). Briefly, livers were perfused

through the portal vein with a fixation solution containing 2.5% glutaraldehyde



and 2% paraformaldehyde in 0.1M cacodylate buffer 0.1% sucrose and fixed
overnight at 4°C. Samples were washed 3 times with 0.1M sodium cacodylate
buffer. Liver sections were post-fixed with 1% osmium in cacodylate buffer and
dehydrated in an ethanol gradient to 100%.

For scanning electron microscopy 6 to 8 liver blocks per sample were mounted
on stubs, sputter coated with gold and examined using a Jeol 6380 scanning
electron microscope. Measurements of fenestrae size, number and density
were carried out. Fenestrations were defined as open pores with diameters
<300nm. Diameter was defined as the major length of each fenestration or gap.
Porosity was defined as the sum area of fenestrations/total quantified area.
Frequency was defined as number of fenestrae per pm?. At least 10 images per
animal were taken.

For transmission electron microscopy, fixed liver tissue was embedded in Spurr
resin, cut in 50nm ultrathin sections, counterstained with uranyl acetate and
lead citrate and examined using microscope. 10 micrographs per sample were
taken to estimate % of necrotic hepatocytes and % of sinusoids presenting each
of the evaluated parameters.

RNA isolation and quantitative PCR

RNA from cells and tissue were extracted using RNeasy mini kit (Qiagen) and
Trizol (Life Technologies), respectively. RNA quantification was performed
using a NanoDrop spectrophotometer. cDNA was obtained using QuantiTect
reverse transcription kit (Qiagen). Real-Time PCR was performed in an ABI
PRISM 7900HT Fast Real-Time PCR System, using TagMan predesigned
probes for HNF4oa (Rn04339144 m1l), Slcc22al (Rn00562250 _m1l), Mrp2

(RN00563231_m1), Mrp3 (Rn01452854_m1), eNOS (Rn02132634 s1), ED1



(Rn00561129 m1), PECAM1 (Rn01467262_m1l), CollAl (Rn01463848 m1),
a-SMA  (Rn01759928 gl1), PDGFRBP  (Rn01491838 ml),  TNF-a
(Rn01525859 g1), iINOS (Rn00561646 m1), IL-1 (Rn00580432_m1), IL-6
(Rn01410330_m1), Mrcl (Rn01487342_m1), Argl (Rn00691090 m1), IL-10
(Rn00563409 _m1), HGF (Rn00566673_m1), Wnt2 (Rn01500736_m1), Hamp
(Rn00584987_m1), TIMP1 (Rn00587558 m1), TIMP2 (Rn00573232_m1l),
MMP2 (Rn01538170-m1), MMP9(Rn00579162_m1), PNPLA3
(Rn01502360_m1), TGF-B (Rn_01475963 m1) and GAPDH (Rn01775763 g1)
as endogenous controls. Results, expressed as 2-AACt, represent the x-fold

increase of gene expression compared with the young group.

Telomere length measurement by quantitative PCR

Telomere length was measured in the genomic DNA isolated and purified from
liver tissue samples using DNeasy mini kit (Qiagen). All DNA samples were
tested for purity and integrity using a Nanodrop 2000 spectrophotometer.
Telomere length measurement was performed using a quantitative PCR-based
method with slight modifications (Cawthon 2002). Briefly, 50 ng of DNA was
mixed with either the telomere or AT-1 (single-copy gene) primer and the Power
SYBR Green PCR Master Mix reagent followed by qPCR Real-Time on ABI
PRISM 7900HT Fast Real-Time PCR System. The primer sequences used
were: (5—=3’): T1, GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT
T2, TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA; AT-1 1
ACGTGTTCTCAGCATCGACCGCTACC, AT-1 2
AGAATGATAAGGAAAGGGAACAAGAAGCCC. The relative telomere length
was calculated as the ratio of telomere repeats to AT1 (a single-copy gene) (T/S

ratio).



Western Blotting

Liver samples were processed and western blot performed as described
(Guixe-Muntet et al. 2016). Used primary antibodies: P16 (554079, BD
Pharmagen), SIRT1 (ab110304, Abcam), VEGFR2 (sc-315, Santa Cruz
Biotech), HO-1 (ADI-SPA-896, Enzo), phosphorylated eNOS at Ser1177 (9571,
Cell Signaling), total eNOS (610297, BD Transduction Laboratories),
phosphorylated Moesin at Thr558 (sc-12895, Santa Cruz), total Moesin (sc-
13122, Santa Cruz), stabilin-2 (MABC76, Merck Milipore), CRBP1 (sc-271208,
Santa Cruz), NFkB (6956, cell signalling) and TLR4 (sc-293072, Santa Cruz) all
1:1000. Blots were revealed by chemiluminescence and protein expression was
determined by densitometric analysis using the Science Lab 2001 Image Gauge
(Fuji Photo Film, Dusseldorf, Germany). Blots were also assayed for GAPDH

(1:5000, Sigma-Aldrich) content as standardization of sample loading.

Histological Analysis

Liver samples were fixed in 10% formalin, embedded in paraffin, sectioned, and
slides were stained with hematoxylin and eosin (H&E) to analyze the hepatic
parenchyma (Hide et al. 2016), or with Masson’s trichrome for liver fibrosis
evaluation (Gracia-Sancho et al. 2011). Ten fields per slide were randomly
taken and two independent researchers scored the hepatic histology using a
semi-quantitative method (Jiménez-Castro et al. 2015), with minor
modifications. Briefly, cytoplasmic vacuolation, nuclear pyknosis, cytoplasmic
hypereosinophilia, loss of intercellular borders, necrosis and fat accumulation
were scored as 0-abstent, 1-focal or 2-general, and neutrophil infiltration as O-

absent or 1-present, making a maximum final score of 13 points. Liver fibrosis



was quantified as the purple-stained area per total area using the Axiovision
software (De Mesquita et al. 2017).

Frozen sections were cut to 10 ym and stained with Oil Red O (Sigma Aldrich)
for lipid analysis. Lipid droplets were evaluated as the red-stained area per total

area using ImageJ software.

Immunohistochemistry

Liver samples were fixed in 10% formalin, embedded in paraffin, sectioned and
processed for immunohistochemistry (IHC) or immunofluorescence (IF) as
previously described (Marrone et al. 2015).

For IHC liver sections were incubated with antibodies against CD32b (sc-13271,
Santa Cruz), CD31 (sc-376764, Santa Cruz), eNOS (sc-654, Santa Cruz), a-
SMA (Dako), or CD163 (MCA342R, Biorad). After incubation with
corresponding secondary antibodies, color development was induced by
incubation with a DAB kit (Dako) and counterstained with hematoxylin. Sections
were dehydrated and mounted. The specific staining was visualized and fifteen
images per liver were acquired using a microscope equipped with a digital
camera and the assistance of Axiovision software. The relative volume was
calculated by dividing the number of points positive in sinusoidal areas by the
total number of points over liver tissue (Vilaseca et al. 2017).

For IF, liver sections were incubated with antibodies against desmin (M0760,
Dako), CD68 (MCA341R, Biorad), MPO (ab9535, Abcam) and H2B (ab52484,
Abcam), incubated with secondary antibodies Alexa Fluor 488 or 555 (1:400,
Life technologies) and 4',6-diamino-2-fenilindol (1;3000; DAPI, Sigma-Aldrich)

and mounted in Fluoromount G medium. Ten images per sample were obtained



with a fluorescence microscope and percentage of positive area (Desmin) or

positive cells per field (CD68, MPO/H2B) were quantified.

Albumin and urea production

Culture media from all experimental conditions after 24h of culture were
sampled. Albumin and blood urea nitrogen (BUN) were measured using
standard methods at the Hospital Clinic of Barcelona’s CORE laboratory. BUN

values were converted to urea as 2.1428 mg/dl BUN =1 mg/dl urea.

Cytochrome 4503A4 activity

Phase | detoxification capacity of hepatocytes was analyzed using P450-Glo™
CYP4503A4 Assay following manufacturer’s instructions (V8901, Promega).
Briefly, hepatocytes cultured for 24 hours were rinsed twice with DPBS and
incubated with culture media containing 50 uM Luciferin-PFBE at 37°C for 4h.
Then supernatant was collected and neutralized with Luciferin Detection
Reagent. After incubation for 30 min at RT, plate luminescence was read in a
luminometer (Orion |l Microplate Luminometer, Germany). Samples

luminescence was corrected subtracting background luminescence.

Conventional bacterial study of feces and mesenteric lymph nodes (MLN)

Samples of MLN and stool were plated on McConkey and blood agar (Materlab,
Madrid, Spain) and inoculated in thioglycholate (Scharlab, Barcelona, Spain) for
24-48 hours at 37°C. Specific microorganisms were identified by a manual
biochemical test or automated system (Microscan, Baxter, Irvine, CA). GBT was

defined by a positive bacteriological MLN culture (Ubeda et al. 2016).



Endotoxemia quantification
Endotoxemia was quantified using LAL Chromogenic Endotoxin Quantitation Kit

(ThermoFisher), following manufacturer’s instructions.

gPCR of cytokines in the ileum

Quantification of the expression of rat genes was performed by qPCR. A snap
frozen fragment of distal ileum was lysed in 1 ml of Tri-Reagent (Ambion). Total
RNA was extracted and quantified. cDNA was obtained from 2 pg of total RNA
from each sample (Improm-II reverse transcriptase, Promega) and 1 ul of cDNA
sample was used as template for PCR with LC Fast Start DNA Master
SYBRGreen | Kit (Roche Applied Science). PCR were carried out in Lightcycler
480 equipment (Roche). For each sample and experiment, triplicates were
made and normalized by 28S mRNA levels. Gene expression values were
calculated based on the AACt method. The results were expressed as 2-AACt
referred as fold-expression compared to young rats. Primers were rat specific
and designed using sequence data and Nucleotide BLAST software from the
National Center for Biotechnology Information (NCBI; Bethesda, MD) database.
The primer sequences used were (5—=3) Interferon-gamma:
GGATGCTATGGAAGGAAAGAG, CAAAGAGTCTGAGGTAGAAAGAG; TNF-a:
CCAGGAGAAAGTCAGCCTCCT, TCATACCAGGGCTTGAGCTCA; IL-170:

CAACCTGAAAGTCCTCAACTC; CACAGAAGGATATCTATCAGGG.
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Supplementary table 1

Severity of hepatic injury features in 3 months-young and 20 months-old rats.

Parameter 3 months-Young 20 months-Old p-value
Cytoplasmic vacuolation 0.46 £ 0.15 1.33+0.14 <0.001
Nuclear pyknosis 0.31+0.14 0.89 £ 0.08 <0.001
Cytoplasmic hypereosinophilia 0.31+0.14 0.89+0.11 <0.001
Loss of intercellular borders 0.08 £ 0.08 0.78 £0.13 0.07
Necrosis 0.15+0.11 0.44 +£0.12 0.02
Neutrophil infiltration 0.31+0.14 0.72+0.11 <0.001
Fat accumulation 0.64 £ 0.22 1.33+£0.14 <0.001
“Final Score  215%064 6394043 <0001

Data expressed as mean £ SEM (n = 12 each group).

Supplementary table 2

Clinical characteristics of human liver donors.

Parameter Young (n=14) Old (n=13) p-value
Age (years) 28.86 + 2.00 76.14 £ 0.87 <0.001
Body mass index (kg/cm®) 26.26 £1.48 26.19 + 0.67 >0.2
Hepatic steatosis (%) 4,71 +2.33 424 +2.12 >0.2
ICU stay (h) 66.00 £ 23.07 61.60 + 12.07 >0.2
Gender (% female) 14 30 >0.2
Cause of death (%)

Hemorrhagic stroke 31 92

Ischemic stroke 15 0

Traumatic Brain Injury 23 8

Hypoxia 23 0

Others 8 0

Data expressed as mean + SEM.



Supplementary Figure Legends

Supplementary Fig.1l. Senescence markers in 3 months-young and 20
months-old rats. P16 protein expression in liver tissue (A), primary LSEC (B)
and primary HSC (C), normalized to corresponding GAPDH. (D) SIRT1 protein
expression in liver tissue normalized to GAPDH. (E) Telomere length from
young and old liver tissue measured as the ratio of telomere repeats to a single-
copy gene. n=12 (A and D) and n=6 (B, C and E) per group. Results represent

mean + S.E.M.

Supplementary Fig.2. Hepatic architecture in 3 months-young and 20
months-old rats. Representative images of hematoxylin & eosin staining in

liver tissue (100X). n=12 per group.

Supplementary Fig.3. Liver injury and hepatocyte function in 3 months-
young and 20 months-old rats. (A) TUNEL staining and quantification from
young and old livers (200X). (B) Urea and albumin production from freshly
isolated young and old hepatocytes. (C) HNF4a, Slc22al, Mrp2 and Mrp3
MRNA expression in livers described in B. (D) Cytochrome P4503A4 activity
from cells described in B. n=12 (A and C) and n=6 (B and D) per group. Results

represent mean = S.E.M.

Supplementary Fig.4. HSC evaluation in healthy young and old human
livers. Representative images of desmin immunofluorescence (A) and a-SMA

immunohistochemistry (B) with their corresponding quantification from young



and old human livers. n=14 young & 13 old livers. Results represent mean +

S.E.M. All images 400X, scale bar=50um.
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ABSTRACT: Advanced chronic liver disease (aCLD) represents a major public health concern. aCLD is more
prevalent and severe in the elderly, carrying a higher risk of decompensation. We aimed at understanding how
aging may impact on the pathophysiology of aCLD in aged rats and humans and secondly, at evaluating
simvastatin as a therapeutic option in aged animals. aCLD was induced in young (1 month) and old (16 months)
rats. A subgroup of aCLD-old animals received simvastatin (5 mg/kg) or vehicle (PBS) for 15 days. Hepatic and
systemic hemodynamic, liver cells phenotype and hepatic fibrosis were evaluated. Additionally, the gene
expression signature of cirrhosis was evaluated in a cohort of young and aged cirrhotic patients. Aged animals
developed a more severe form of aCLD. Portal hypertension and liver fibrosis were exacerbated as a consequence
of profound deregulations in the phenotype of the main hepatic cells: hepatocytes presented more extensive cell-
death and poorer function, LSEC were further capillarized, HSC over-activated and macrophage infiltration was
significantly increased. The gene expression signature of cirrhosis significantly differed comparing young and
aged patients, indicating alterations in sinusoidal-protective pathways and confirming the pre-clinical
observations. Simvastatin administration for 15-day to aged cirrhotic rats improved the hepatic sinusoidal milieu,
leading to significant amelioration in portal hypertension. This study provides evidence that aCLD pathobiology
is different in aged individuals. As the median age of patients with aCLD is increasing, we propose a real-life pre-
clinical model to develop more reliable therapeutic strategies. Simvastatin effects in this model further
demonstrate its translational potential.

Key words: Cirrhosis, portal hypertension, hepatic sinusoid, elderly, liver microcirculation

The socioeconomic and medical care improvement during
the last decades has led to a relevant increase in the elderly
population around the world. This growth of older
population will continue to outpace that of younger

population over the next years [1]. Aging is associated
with a physiological decline in most organ functions,
including the liver [2]. Indeed, we have recently described
the changes occurring in the liver sinusoidal cells during
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healthy aging, demonstrating that aging is accompanied
by an accumulation of slight, but significant,
modifications in the hepatic sinusoid that could turn into
vulnerability in front of chronic or acute liver damage [3].
Advanced chronic liver disease (aCLD) represents a
serious and costly problem for our society. Approximately
844 million people suffer from a chronic liver condition
worldwide, making it comparable to other major public
health problems related to chronic diseases such as
cardiovascular diseases [4, 5]. The incidence of aCLD
increases dramatically with age, and is accompanied by
worse prognosis [6], consequently aging has been defined
as a major risk factor for the development of chronic liver
conditions [7, 8]. Importantly, and despite the impact of
aging on human aCLD, most of the pre-clinical studies
aimed at understanding liver disease pathophysiology
have been developed in young animals, with few
exceptions [9-11].

Statins have been proposed for the treatment of aCLD.

Indeed, pre-clinical studies suggested sinusoidal-
protective properties [12-16], which may explain the
benefits of statins on portal hypertension, survival and
hepatocellular carcinoma development observed in
clinical and epidemiological studies [17-19].
Nevertheless, all published pre-clinical studies were made
in young animals while clinical studies included patients
with an advanced median age.

The present study aimed at understanding how aging
may impact on the pathobiology of aCLD, specially
focusing on the hepatic microcirculatory dysfunction,
fibrosis and portal hypertension. We hypothesized that the
cumulative mild changes observed in the sinusoidal
milieu of healthy aged livers may have relevant
consequences during chronic liver injury.

Secondary aims included the evaluation of
simvastatin as a therapeutic option in a pre-clinical rat
model of aged cirrhosis, and to elucidate the mechanisms
responsible for the possible beneficial effect of the
treatment.

MATERIALS AND METHODS

Additional materials and methods are included in the
online supplementary information.

Induction of cirrhosis & simvastatin treatment

Advanced chronic liver disease was induced in male
Wistar rats 1-month old (young group; aCLD-young) and
16-month old (aged group; aCLD-old) through chronic
exposure to CCls and phenobarbital [16, 20].

After approximately 14 weeks, once the animals
developed ascites, CCls and phenobarbital administration
was discontinued. No differences in the hepatotoxicants

administration period to achieve aCLD were observed
comparing groups. 5 days after detection of ascites,
aCLD-young and aCLD-old animals (n=7 per group)
were exhaustively characterized to accomplish the first
objective of the study. An additional group of aCLD-old
animals (n=20) were distributed randomly to investigate
the effects of simvastatin on portal hypertension,
microcirculatory dysfunction and fibrosis in the aged
cirrhotic model. Simvastatin (5 mg/kg) or its vehicle (PBS)
was administered daily by gavage for 15 days.
Hemodynamic analysis and subsequent sample
processing were performed 1 hour after the last
administration. Simvastatin or its vehicle was prepared by
a third person, and therefore, the investigators
administering the drug and performing the experiments
were not aware of the treatment received by the rats. This
blinding was maintained until the final analysis of results.
Animals were kept in environmentally controlled animal
facilities. All procedures were approved by the laboratory
animal care and use committee of the University of
Barcelona and were conducted in accordance with the
European Community guidelines for the protection of
animals used for experimental and other scientific
purposes (EEC Directive 86/609)

In vivo haemodynamic measurements

Mean arterial pressure (MAP), portal pressure (PP) and
portal blood flow (PBF) were measured in old and young
rats using micro-catheters and transit-time flow probes
[14]. Hepatic vascular resistance (HVR) was calculated as
PP/PBF.

Liver endothelial function
After in vivo hemodynamic measurements, livers were
quickly isolated and perfused. Liver endothelial function

was determined as response to incremental doses of the
endothelium-vasodilator acetylcholine [21].

Hepatic cells isolation

Hepatocytes, Kupffer cells (KC), Liver Sinusoidal
Endothelial Cells (LSEC), and Hepatic Stellate Cells
(HSC) were isolated using well-established protocols [22].
Only highly pure and viable cells were used.

Electron microscopy

Liver sinusoidal ultrastructure was characterized using
electron microscopy as previously described [3, 23].

Histological analysis

Aging and Disease ¢ Volume 10, Number 5, October 2019 2



Maeso-Diaz R., et al Impact of aging in advanced chronic liver disease

Liver samples were fixed in 10% formalin, embedded in  corresponding antibodies for protein
paraffin, sectioned, and slides were stained with  immunohistochemistry (IHC) or immunofluorescence
hematoxylin and eosin (H&E) to analyze the hepatic  (IF).

parenchyma, with Sirius Red for liver fibrosis evaluation,

with Oil red-O for lipid quantification or with

Table 1. Biometric, biochemical and hemodynamic characteristics in aCLD-young and aCLD-old rats.

aCLD-young aCLD-old % change p-value
4 m.o. 20 m.o.

Body weight (g) 371+ 16 70135 +88 <0.001
Liver (g) 10.7 £0.6 17.9+0.9 +67 <0.001
Liver-body weight ratio (%0) 2.88£0.13 257+0.14 -11 0.09
AST (U/L) 189 + 11 304 + 47 +61 0.03
ALT (U/L) 82+8 97 +8 +20 0.17
Bilirubin (mg/dL) 0.51+0.24 0.51+0.12 0 >0.20
Bile production (uL/min*g) 308 18+3 -40 0.16
Albumin (mg/dL) 26+1 20+2 -24 0.01
Plasma cholesterol (mg/dL) 755 106 + 11 +41 0.01
Plasma LDL cholesterol (mg/dL) 45+4 758 +66 0.007
Plasma HDL cholesterol (mg/dL) 20%2 13+2 -33 0.03
Plasma triglycerides (mg/dL) 41+8 84 +13 +107 0.01
Plasma FFA (mg/dL) 623 + 67 504 + 70 -19 >0.20
Qil red O-staining (%) 0.47£0.14 1.83+£0.32 +289 0.04
MDA (nmol/mg protein) 2.68 £0.68 2.36 £0.28 -12 >0.20
LPS (EU/mL) 1.13+0.19 2.00+0.13 +77 0.002
PP (mmHg) 143+0.3 16.9+1.2 +18 0.03
PBF (mL/min*g) 1.21+0.12 1.59 +0.23 +31 0.12
HVR (mmHg*min/mL*g) 127414 125423 -2 >0.20
Ex vivo HVR (mmHg*min/mL*g) 0.23+0.03 0.41+0.04 +78 0.002
MAP (mmHg) 91+6 103+7 +13 >0.20
HR (bpm) 340 + 15 338+ 16 05 >0.20

Data expressed as mean + S.E.M. (n = 7 each group).

AST: aspartate transaminase; ALT: alanine transaminase; LDL: low density lipoprotein; HDL: high density lipoprotein; FFA: free fatty acids;
MDA: malondialdehyde; LPS: lipopolysaccharide; EU: endotoxin units; PP: portal pressure; PBF: portal blood flow; HVR: hepatic vascular
resistance; MAP: mean arterial pressure; HR: heart rate.
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Figure 1. Hepatocyte phenotype markers in 4 months-young and 20 months-old rats with aCLD. (A) Representative
transmission electron microscopy images and corresponding quantification of numbers of sinusoids (S), lack of microvilli (M), big
space of Disse (D), peliosis(P), basal lamina deposition and number of necrotic hepatocytes (H) in liver tissue from 4 months-young
and 20 months-old rats with aCLD. (B) HNF4a, Octl, Mrp2 and Mrp3 mRNA expression in livers described in A. n=3 (A) and (B)
n=7 per group. Results represent mean £+ S.E.M. All images: 3000X, scale bar=20um.

Nitric oxide and superoxide determinations

Levels of cGMP, marker of nitric oxide bioavailability,
were analyzed in liver homogenates using an enzyme
immunoassay following manufacturer instructions
(Cayman Chemical Co., Ann Arbor, MI) [24]. In situ
mitochondrial or total superoxide levels in hepatic tissue
or in cells were assessed with the mitochondrial oxidative
fluorescent dye MitoSOX (MitoSOX 5uM; Molecular
Probes Inc., Eugene, OR) or with the total oxidative
fluorescent dye dihydroethidium (DHE 10uM; Molecular
Probes Inc., Eugene, OR) respectively as described [25,
26]. Fluorescence images were obtained with a
fluorescence microscope (Olympus BX51, Tokyo, Japan),
and quantitative analysis of at least 20 images per
condition containing equivalent number of cells was
performed with Image J 1.44m software.

Human liver mRNA analysis

Fractions of liver biopsy specimens obtained by
transjugular route, and primarily processed for clinical
pathology, were stored in diethyl pyrocarbonate (DEPC)
solution for mRNA isolation using the RNeasy kit
(Qiagen). 250 ng of highly pure and preserved RNA were
deeply analyzed using the Illumina Whole Genome-
DASL assay, which quantifies approximately 24,000
transcripts. The microarray data were deposited and
stored in GEO (GSE77627).

Illumina were processed using lumi package quantile
normalisation [27]. Coefficient for age, derived from a
linear model using probe set expression versus age and
gender adjusted [28], was employed as a metric score to
evaluate the influence of age in the gene expression from
cirrhotic liver tissue. We performed pre-ranked gene set
enrichment analysis (GSEA) using the canonical
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pathways MSigDB collection signatures [29]. Statistical Analysis

Ethics Committee of the Barcelona Hospital Clinic

approved the experimental protocol (HCB/2011/6814). Statistical analysis was performed with the SPSS for
Experimental groups were defined considering patients’”  Windows statistical package (IBM, Armonk, New York,
age: young (n=7, mean age 42 + 5 years old, range 33-48), USA). All results are expressed as mean * standard error
old (n=7, mean age 62 + 4, range 58-70). of the mean (S.E.M.). Comparisons between groups were

performed with Student’s t test.

considered significant at a p value <0.05.

A Liver: LSEC phenotype markers B

DS T DL S e
"..t’: =D .

1. p=0.04 p=0.10 A
wCLD-Young ACLD-OK

®
-

Relative MRNA expression
H

Mle [

0.0
KLF2 CD3zb

_|

2 =
. P
: :
H H
. .
s - s
2" :
. .
> 2
3 %
° o
- £y

E Liver: LSEC angiocrine markers

159 P=002 p=0005 p=005 p=0008

Relative m RNA expression

A s LG

HGF Wnt2 Hamp Axin2

0.0

aCLD-Youny aCLO-0Kd
aCLD-Young aCLD-OWd p-value
Porosity (%) 384 088 220+ 048 0.09
Fenestrae frequency (number per pm?) 549+ 078 248 + 049 008
Fenestrae diameter (nm) 83+8 968 >0.20

Figure 2. LSEC phenotype markers in
aged rats with aCLD. The following
markers of sinusoidal endothelial
phenotype were analysed in liver tissue
from 4 months-young and 20 months-
aged rats with aCLD. (A) mRNA
expression of KLF2 and CD32b. (B)
Representative  images of CD32b
immunohistochemistry and
corresponding  quantification.  (C)
Representative  images of eNOS
immunohistochemistry and
corresponding  quantification. (D)
Representative ~ images of vWF
immunohistochemistry and
corresponding quantification. (E) mRNA
expression of HGF, Wnt2, Hamp and
Axin2. (F) Representative scanning
electron  microscopy  images &
quantification of porosity, fenestration
frequency and fenestration diameter. n=7
(A-E) and n=3 (F) per group. Results
represent mean £+ S.E.M. Images from B-
D: 400X, scale bar=50pm. Images from
F: 15000X, scale bar=1pm.
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RESULTS

Aged rats with aCLD: baseline biometric and
biochemical characteristics.

As shown in Table 1, old rats with aCLD showed an
increase in body and liver weight compared to young
aCLD animals; however, liver/body-weight ratio was
moderately diminished. Evaluation of hepatic function
suggested a more severe deterioration in the aging group,

shown by lower plasma albumin levels and bile
production and higher serum transaminases.

Evaluation of plasma lipids revealed higher total
cholesterol, LDL-cholesterol, HDL-cholesterol and
triglycerides, without significant changes in free fatty
acids. Moreover, old rats with aCLD had higher hepatic
lipid accumulation as compared to young rats analyzed by
oil red-o-staining.

Interestingly, plasma levels of LPS were significantly
higher in aged animals with aCLD, suggesting increased
bacterial translocation in this group.
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Figure 4. Aged-related changes in the gene signature of cirrhotic human liver. Gene expression
analysis in cirrhotic young and old human livers. (A) Left, fold enrichments (logz) are plotted in a heatmap
using red colour for transcripts that are increased or using green colour for transcripts that are decreased
in old cirrhotic humans. Right, pathway enrichment analysis results for genes upregulated (red) and
downregulated (green) are summarized. (B) Representative gene sets upregulated (red) or downregulated
(green) related to microcirculatory function in old cirrhotic humans, full description of top ten gene sets
can be found in supplementary materials. FDR < 10%, n=7 per group. Clinical characteristics of donors
are described in Supplementary table 1.

Aging and Disease * Volume 10, Number 5, October 2019 7



Maeso-Diaz R., et al

Impact of aging in advanced chronic liver disease

:l Vehicle - Simva
A Hepatocytes: phenotype mark B Hepatocytes: CYP4503A4 activity
5
p=0.06 p=008 p=0.004 p>0.2
=
EXE
w
“
4
E 34 2.0
< = p=014
H Sis
E 21 z
° 2
2 a 10
= @
® 1 >
@ =05
]
L @
] ~ 0.0
HNFda Oct1 Mrp2 Mrp3
Cc
Vehicle Simvastatin p-value
No Sinusoids 27815 311 x02 >0.20
Lack of microvilli (%) 53 + 10 207 0.01
“ Big space of Disse (%) 60 £ 8 28+5 0.007
BY Peliosis (%) 1Be7 o0 0.05
Necrotic hepatocytes (%) 4+2 1%+1 020

% change in PPP (%)

-20

-30+

Liver: micr y

Vehicle

»

Vehicle Simva
Vehicle Simvastatin p-value
Porosity (%) 271+ 048 6.03 £ 079 0.01
per ym?) 366 £ 0.65 6.89 + 0.85 0.01
Fenestration diameter (nm) 925 96 + 4 0.06
Portal hypertension is aggravated in aged rats with  Systemic

aCLD

Old animals with aCLD had significantly higher portal
pressure (+18%) in comparison to young cirrhotic animals
(Table 1), which was the consequence of further increases

hemodynamic
differences between groups.

Figure 5.  Effects of
simvastatin on hepatocytes
and microcirculatory

function. (A) HNF4a, Octl,
Mrp2 and Mrp3 mRNA
expression in livers from aged
rats with aCLD treated with
simvastatin or vehicle. (B)
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Analysis of ex vivo hepatic vasodilatory capacity in

shown).

in both portal blood inflow and hepatic vascular resistance.

response to incremental concentrations of acetylcholine
revealed no differences between age groups (data not
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Aged rats with aCLD present deterioration in
hepatocyte phenotype

Ultrastructural analysis of liver architecture using
transmission electron microscopy revealed that aged
cirrhotic rats exhibit greater liver injury when compared
to young. Indeed, and as shown in Figure 1A, old livers
with aCLD presented decreased number of sinusoids, loss
of hepatocyte microvilli, greater presence of erythrocytes
inside the space of Disse (peliosis), further deposition of
basal lamina in the sinusoid, and a significant increase in
the percentage of necrotic hepatocytes. Further analysis of
hepatocyte phenotype markers in liver tissue confirmed a
marked deregulation in aging (Fig 1B).

The sinusoidal endothelium of aged rats with aCLD is
further capillarized

As shown in Figure 2, the expression of a variety of
vasoprotective, vasodilatory and angiocrine molecules,
including the transcription factor KLF2, the LSEC-
specific marker CD32b, and the anti-inflammatory and
vasodilatory  protein  eNOS, were significantly
deregulated in old cirrhotic livers in comparison to young.
Additional LSEC analysis using scanning electron
microscopy revealed a reduction in fenestrae porosity and
frequency, altogether suggesting that aged cirrhotic rats
undergo significantly greater sinusoidal capillarization.

Aged cirrhotic animals exhibit exacerbated fibrosis
and over-activation of HSC and macrophages

Analysis of extracellular matrix deposition in aged
cirrhotic livers evidenced a significant increment in
hepatic fibrosis, as demonstrated by increased Sirius Red
staining (Fig. 3A) and collagen | protein expression (Fig.
3B). According with this result, HSC phenotype markers
a-SMA and phosphorylated moesin were overexpressed
in aged cirrhotic liver tissue (Fig. 3C & D), with no
differences in desmin expression (data not shown), thus
suggesting over-activation of this hepatic cell type.
Finally, characterization of the hepatic macrophage
phenotype revealed increased infiltration of CD68+ cells
(Fig. 3E) with no differences in CD163+ cells (Fig. 3E),
and significant differences in the mRNA expression of
different cytokines including TNFa, Mrcl and Argl (Fig.
3F).

Livers from old patients display significant variations
in the gene expression signature of cirrhosis

Supplementary table 1 shows the clinical and biochemical
parameters of patients with aCLD included in the
microarray analysis. Interestingly, older cirrhotic patients

exhibited higher hepatic venous pressure gradient (HVPG)
than young, with no differences in biochemical or clinical

determinations except for gender. Possible gender

influence in the analysis of gene expression was prevented

as described in the methods section.

Analysis of gene expression in liver tissue identified
382 genes differentially expressed comparing young and
aged cirrhotic patients (Fig. 4A). 204 genes were over-
expressed while 178 genes were downregulated in aging.

A more comprehensive characterization of the aged
cirrhotic liver gene signature was performed using
pathway enrichment analysis (PEA). PEA for upregulated
genes showed 4663 gene sets significantly enriched at a
false discovery rate (FDR)<25%, while 52 were
significantly enriched at FDR<10%. Supplementary table
2 shows the top ten significantly upregulated pathways.
Focusing on the top upregulated pathways related to
vascular pathobiology, these included: negative
regulation of vascular development, response to retinoic
acid, collagens and regulation of macrophage
differentiation (Supplementary table 3 and Fig. 4B).

PEA for downregulated pathways showed 919 gene
sets significantly enriched at FDR<25%, being 4 gene sets
significantly enriched at FDR<10%. Top ten significantly
downregulated pathways are detailed in Supplementary
table 4, and included olfactory signalling pathway and
neuron fate specification, among others.

Aged cirrhotic rats treated with simvastatin:
biometric and biochemical characteristics

In comparison to vehicle, simvastatin-treated rats
presented no differences in body weight, and a slight non-
significant increase in liver mass (Table 2). Biochemical
analysis showed improvements in bilirubin and albumin,
which together with increased bile production and no
modification in creatine kinase from muscle, suggested a
global improvement in hepatic injury without toxic effects.
No differences in plasma lipid spectrum were observed
comparing both groups.

Simvastatin improves portal hypertension in aged rats
with cirrhosis

Aged rats with aCLD treated with simvastatin exhibited a
significant improvement in PP (-25%), associated with
slight decreases in PBF and HVR, in comparison with
vehicle (Table 2). In addition, systemic hemodynamics
seemed to be ameliorated.

Simvastatin improves the hepatocyte phenotype in
aged cirrhotic rats
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Primary hepatocytes from old rats with aCLD treated with
simvastatin showed a significant improvement in several
phenotypic markers related with hepatic functionality
including upregulation in HNF4a, Octl and Mrp2 (Fig.
5A). Additionally, the activity of cytochrome P4503A4
was slightly higher compared to hepatocytes from
vehicle-treated rats (Fig. 5B). Further analysis of hepatic
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damage in liver tissue using transmission electron
microscopy revealed a significant improvement in
response to simvastatin, including maintenance of
hepatocyte microvilli, a decrease in the presence of
enlarged spaces of Disse, and a reduction in peliosis (Fig.
5C).
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Figure 6. Simvastatin promotes decreased fibrosis deposition and HSC de-activation. (A) Representative images of fibrotic
content, a-SMA and desmin with their corresponding quantifications. (B) a-SMA and Collagen I protein expression in total liver
tissue, normalized to GAPDH. (C) Representative western blots of moesin and p-moesin and corresponding quantification. n=10
(A-C). Results represent mean + S.E.M. All images 400X, scale bar=50pm.

Simvastatin improves liver endothelial dysfunction in
aged rats with aCLD

Analysis of the hepatic microcirculatory function using ex
vivo liver perfusion revealed that old cirrhotic rats treated
with simvastatin exhibited a significant improvement in
their endothelium-dependent vasodilatory capacity (Fig.
5D), which correlated with decreased sinusoidal
expression of the capillarization marker vWF (Fig. 5E).

Sinusoidal porosity as well as the number of fenestrae was
significantly improved in the group of aged cirrhotic rats
treated with simvastatin in comparison to those receiving

vehicle (Fig. 5F). In concordance with this finding, the
hepatic expression of caveolin-1, protein upregulated
when fenestrae disappear [30], was significantly
decreased in simvastatin-treated rats (Supplementary Fig.
1A). LSEC phenotype amelioration after simvastatin
treatment was further confirmed observing up-regulation
in the mRNA expression of KLF2, CD32b, Hamp and
Axin2 (Supplementary Fig. 1B & C), and down-
expression of CD31 (Supplementary Fig. 1D) and ICAM-
1 (Supplementary Fig. 1E & F). In contrast, we did not
observe differences between groups in the NO-eNOS
pathway (Supplementary Fig.2).
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Table 2. Biometric, biochemical and hemodynamic characteristics in aCLD-old rats treated with simvastatin or vehicle.

Vehicle Simvastatin % change p-value
Body weight (g) 655 + 31 681 + 18 +4 >0.20
Liver (g) 16.6 + 1.0 19.1+1.1 +15 0.15
Liver-body weight ratio (%0) 2.58 £0.19 2.81+£0.15 +9 >0.20
AST (U/L) 188 + 34 155+ 28 -18 >0.20
ALT (U/L) 61+5 57+6 -7 >0.20
CKM (ng/mL) 64 +13 47 +10 =27 >0.20
Bilirubin (mg/dL) 0.23+0.06 0.10 £ 0.00 -57 0.05
Bile production (uL/min*100g bw) 235+7.1 42.0+16.5 +45 0.17
Albumin (mg/dL) 22011 242+0.8 +10 0.10
Plasma cholesterol (mg/dL) 865 7910 -8 >0.20
Plasma LDL cholesterol (mg/dL) 645 55+7 -14 >0.20
Plasma HDL cholesterol (mg/dL) 140+15 156+£26 +7 >0.20
Plasma triglycerides (mg/dL) 38.0+5.1 421+7.1 +11 >0.20
Qil red O-staining (%) 1.33+£0.22 1.64 £0.39 +23 >0.20
MDA (nmol/mg protein) 2.68 £0.74 2.35+0.30 -12 0.15
LPS (EU/mL) 1.49 £0.18 1.62 £0.13 +8 >0.20
PP (mmHg) 159+14 119+0.8 -25 0.02
PBF (mL/min*g) 1.28 £0.17 1.13+0.16 -12 >0.20
HVR (mmHg*min/mL*g) 139+24 124+15 -11 >0.20
Ex vivo HVR (mmHg*min/mL*Q) 0.39 £0.04 0.32+£0.03 -18 0.20
MAP (mmHg) 97 +6 1105 +13 >0.20
HR (bpm) 332+22 381+25 +15 0.06

Data expressed as mean + SEM (n = 10 each group).

AST: aspartate transaminase; ALT: alanine transaminase; CKM: Creatinine kinase from muscle; LDL: low density lipoprotein; HDL: high
density lipoprotein; MDA: malondialdehyde; LPS: lipopolysaccharide; EU: endotoxin units; PP: portal pressure; PBF: portal blood flow; HVR:

hepatic vascular resistance; MAP: mean arterial pressure; HR: heart rate.

Simvastatin decreases liver fibrosis and promotes
deactivation of HSC

Aged rats with aCLD treated with simvastatin showed
significantly lower hepatic fibrosis when compared to
vehicle as demonstrated by significant reductions in Sirius
Red staining and collagen I (Fig. 6A & B). Expression of
the activation marker a-SMA decreased in response to
statin (Fig. 6A & B), while we observed no differences in
desmin marker indicating no changes in HSC abundance
(Fig. 6A). HSC contractility was decreased by simvastatin,

as suggested by reduced expression of p-moesin (Fig. 6C)
and reduced in vitro contractility of primary human HSC
(Supplementary Fig. 3A).

Oxidative stress, a well-known pro-fibrogenic
stimulus, was attenuated both in liver tissue and primary
HSC isolated from aged cirrhotic rats treated with
simvastatin (Supplementary Fig. 3B - D).

Simvastatin ameliorates the pro-inflammatory status of
aged cirrhotic rat livers
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As shown in Supplementary Figure 4, CD68+
macrophage infiltration was significantly reduced in
simvastatin-treated rats, with no changes in CD163+
positive cells and neutrophil infiltration (data not shown).
Accordingly, the mRNA expression of several cytokines
was decreased in simvastatin-treated rats.

DISCUSSION

Due to its high incidence worldwide, advanced chronic
liver disease (aCLD) has become a major public health
problem comparable to diabetes [4, 5]. Epidemiological
data confirm that cirrhosis is more prevalent in the elderly
[31], it progresses faster in this sub-group of patients [32]
and importantly, that decompensation is more frequent in
older patients (14%) compared to younger ones (4%) [33,
34].

In the pre-clinical scenario little is known about the
impact of aging on liver diseases. Previous work
suggested higher rate of fibrosis deposition in aged rats
and attributed this to alterations in the immune response
[9, 10]. However, this is the first study that evaluates the
impact of aging on the hepatic sinusoidal milieu in a
validated pre-clinical model of aCLD, focusing on the
pathophysiology of the disease and its hemodynamic
alterations.

The main finding of the present study is that aged
animals develop a more severe form of aCLD, which can
be broadly defined by poorer hepatic function and
exacerbated portal  hypertension,  fibrosis and
inflammation. Indeed, aged rats with cirrhosis exhibited
serious liver damage reflected by the increase in
transaminases and the reduction in serum albumin and
bile production in comparison with young rats with aCLD.
Interestingly, aging was also accompanied by increases in
both systemic and hepatic lipid content which can be an
important source of oxidative stress; a well-known
detrimental factor in the pathophysiology of portal
hypertension and aCLD [35]. Hepatocytes experienced
profound deregulations in their phenotype and more
extensive cell death, which together with increased
fibrosis caused greater hepatic architecture deterioration.
Indeed, increased hepatocyte necrosis could also over-
stimulate HSC activation and therefore further contribute
to disease exacerbation [36]. Considering the high index
of cell death observed in the aged group, a caspase
inhibitor may be an attractive target for the treatment of
chronic liver diseases [37].

At the microcirculatory level, we describe for the first
time that aged rats with aCLD show a marked aggravation
in portal hypertension, which could be explained by
increments in both vascular resistance and liver blood
inflow. We hypothesized that the deterioration of the
intrahepatic microcirculatory status is a consequence of

overall deregulations in the phenotype of the main liver
cells.

Although no significant differences in microvascular
dysfunction were observed between young and aged
cirrhotic animals, a comprehensive analysis of sinusoidal
de-differentiation markers revealed alterations in LSEC
phenotype including a reduction in the nitric oxide
synthase pathway, depletion of angiocrine mediators and
importantly, reduced porosity and frequency of fenestrae.
These observations agree with previous studies reporting
pseudo-capillarisation of the sinusoidal endothelium
during healthy aging [3, 38], revealing that these changes
are much intensified in aged livers affected by chronic
injury.

In addition to LSEC, HSC play a key role modulating
the hepatic vascular resistance in cirrhosis [39].
Importantly, we herein describe that old HSC undergo
significant changes due to chronic liver injury, which
ultimately lead to expanded deposition of extracellular
matrix in comparison to young animals. Interestingly,
previous pre-clinical studies suggested an increment in
hepatic fibrogenesis in aging [9, 10, 40], however we
describe such aggravation in a model of decompensated
cirrhosis that better reflects the clinical observations [32,
41].

The role of inflammation in the progression of CLD
has been widely described in the past, and recently
reviewed [42], nevertheless much less is known in the
context of aging [10, 40]. In our study, and in comparison,
to young animals, we observe that aged cirrhotic rats
exhibit further deterioration in the hepatic inflammatory
phenotype as demonstrated by a significant increase in the
recruitment of proinflammatory macrophages together
with a decrease in the expression of pro-resolution
cytokines in this cellular sub-population. The increase in
the myeloid cell content in the aged cirrhotic liver may
derive from the sinusoidal endothelial activation
described above, and importantly, this could be another
mechanism contributing to microcirculatory dysfunction
and global worsening of the disease [43].

In addition, and aimed at understanding the
translatability of our pre-clinical discoveries, we
characterized the hepatic transcriptome in two groups of
cirrhotic patients of different age. Although the cohort of
patients included was small, the result of these analyses
confirmed the alterations observed in the aging rat model:
endothelial deregulation, HSC over-activation, enhanced
fibrogenesis and immune cell activation. Altogether, the
pre-clinical and clinical data obtained in this study suggest
that the pathophysiology of CLD is much worse, and
probably involves different molecular mechanisms, when
comparing aged and young individuals. Future studies,
out of the scope of the present manuscript, will be required
to further comprehend the impact of the unique gene
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expression signature of aged cirrhotic livers in the
progression and regression of CLD.

Statins are HMGCOoA reductase inhibitors originally
designed as cholesterol-lowering drugs that over the years
have been re-discovered for their pleiotropic effects on
inflammation, fibrosis and endothelial function, among
others [44]. Different studies have reported the benefits of
statins in experimental models of young cirrhosis [12-14,
16] but none has evaluated the effect of this therapy in
aged aCLD.

In this study we observed that 2-week administration
of simvastatin to aged cirrhotic rats significantly improves
liver microvascular dysfunction and portal hypertension,
accompanied by slight ameliorations in the systemic
hemodynamic and in hepatic function.

Underlying mechanisms explaining the global
benefits of this vasoprotective compound revealed
reduced disease severity in all major hepatic cell types.
Hepatocytes exhibited an improved phenotype as
suggested by ameliorations in their synthetic capacity, in
blood tests and in the ultrastructural architecture.
Importantly, we did not observe signs of toxicity due to
the treatment, suggesting that previous evidence of
simvastatin toxic effects [45] may derive from the
experimental model used to induce CLD (common bile
duct ligation) and/or be dose dependent. Indeed, in our
study we selected a dose of 5 mg/day/kg in rats, which is
equivalent to a dose of 80 mg/day in adult humans
following Reagan-Shaw et al. dose conversion [46], and
preferred to generate CLD by chronic CCls with no
obstruction of bile secretion, thus preventing drug
accumulation.

As expected, simvastatin improved the phenotype of
sinusoidal cells. The hepatic endothelium increased the
expression of functional and angiocrine markers, while
decreased the expression of capillarisation and
inflammatory markers. Remarkably, aged cirrhotic
animals treated with simvastatin for 15 days exhibited
double number and frequency of fenestrae, which in fact
may contribute to improve parenchymal function through

a better diffusion of oxygen, nutrients, and waste products.

It is important to denote that no previous study has
demonstrated an improvement in sinusoidal porosity in
response to statin administration in vivo, just one study
showed amelioration in the fenestrae of the mesenteric
endothelium in a rat model of arterial hypertension [47].
Although our results support that the hepatic endothelium
was ameliorated due to the treatment, we could not detect
differences in the nitric oxide pathway when comparing
both groups of animals. Considering that we tested the
effects of 15-day simvastatin, treatment period longer
than in any previously published study, we cannot
disregard the possibility that a partial spontaneous
recovery in the vehicle-treated group may have occurred

and consequently no differences in certain markers could
be detected. Likewise, we cannot discard that aged rats
with cirrhosis may exhibit a poor NO-signaling response
to statins.

Importantly, simvastatin treatment promoted a
marked regression in liver fibrosis, which may be due to
deactivation of HSC, together with a reduction in
oxidative stress and inflammation. Additionally, HSC
phenotype improvement could also contribute to the
amelioration in hepatic microvascular dysfunction. Our
observations are in agreement with previous clinical
observations in patients with liver disease [44].

In conclusion, this study provides evidence that
aCLD has a much-aggravated pathophysiology in aged
individuals, and even more importantly, that aging may
activate different or additional molecular mechanisms
from those observed in young. Considering the increasing
age of many patients with aCLD, we propose that using
closer to real-life  models to investigate the
pathophysiology of aCLD may allow the development of
more reliable therapeutic strategies. In fact, the
characterization of simvastatin in this model further
recommends its applicability at the bedside.
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Supplementary materials and methods

In vivo hemodynamic

Rats were anesthetized with ketamine (100 mg/kg body weight, Imalgene 1000; Merial) plus midazolam (5 mg/kg body
weight; Laboratorio Reig Jofre, S.A., Spain) intraperitoneally, fastened to a surgical board, and maintained at a constant
temperature of 37 + 0.5°C.

A tracheotomy and cannulation with a PE-240 catheter (Portex) was performed in order to maintain adequate
respiration during anesthesia. Indwelling catheters made of polyethylene tubing (PE-50; Portex, UK) were placed into
the femoral artery to measure mean arterial pressure (MAP; mm Hg) and heart rate (HR; beats per minute), and to the
ileocolic vein to measure PP (mmHg). PBF (mL/min) was measured with a nonconstrictive perivascular ultrasonic
transit-time flow probe (2PR, 2-mm diameter; Transonic Systems Inc., USA) placed around the portal vein just before
its entrance in the liver, avoiding the measurement of most portal-collateral blood flow. The flow probe and pressure
transducers were connected to a Powerlab (4SP) linked to a computer using Chart v5.5.6 for Windows software (AD
Instruments, Australia). Hepatic vascular resistance (HVR) was calculated as PP/PBF. Hemodynamic data were
collected after a 20-minute stabilization period [1]. At the end of the in vivo hemodynamic study, plasma samples from
young and aged-rats were collected to subsequently evaluate alanine aminotransferase (ALT), aspartate
aminotransferase (AST), bilirubin, albumin, cholesterol, low density lipoprotein cholesterol (LDL), high density
lipoprotein cholesterol (HDL), triglycerides and free fatty acids (FFA), all by standard protocols. Experiments and data
collection were performed blindly.

Liver endothelial function

Rat livers were isolated and perfused at 35 mL/min with Krebs’ buffer. The perfused rat liver preparation was allowed
to stabilize for 20 min before vasoactive substances were added. The intrahepatic microcirculation was pre-constricted
by adding the al-adrenergic agonist methoxamine (Mtx; 10-M; Sigma) to the reservoir. After 5 min, concentration-
response curves to cumulative doses of acetylcholine (Ach; 107-10°M; Sigma) were evaluated. The concentration of
Ach was increased by 1log unit every 1.5 min interval. Responses to Ach were calculated as the percentage change in
portal perfusion pressure [2]. The gross appearance of the liver, stable perfusion pressure, bile production over
0.4ul/min/g of liver and stable buffer pH (7.4 £ 0.5) were monitored during this period. If any viability or stability
criteria were not satisfied, the experiment was discarded.

Hepatic cells isolation

Hepatocytes, Kupffer cells (KC) and Liver Sinusoidal Endothelial Cells (LSEC) were isolated using a well-established
protocol [1]. Rat livers were perfused through the portal vein with Hanks without Ca*? and Mg*? containing 12 mM
hepes (H3375, Sigma) pH 7.4, 0.6 mM ethylene glycol-bis (2-aminoethylether)-N,N,N’,N'-tetra acetic acid (E4378,
Sigma) and 0.23 mM bovine serum albumin (BSA; A1391,0100, Applichem). Then, perfused for 30 min with 0.015%
collagenase A (103586, Roche) Hanks containing 12 mM hepes (pH 7.4) and 4 mM CaCl,. The resultant digested liver
was excised, and in vitro digestion was performed at 37°C with 0.01% collagenase A, Hank’s containing 12 mM hepes
(pH 7.4) and 4 mM CacCl; for 10 min. Disaggregated tissue was filtered using 100 um nylon strainer, collected in cold
Krebs’ buffer and centrifuged at 50 g for 5 min. The pellet was washed three times for hepatocytes enrichment.
Hepatocytes were seeded in collagen-coated wells and cultured in Dulbecco’s Modified Eagle’s Medium (DMEMF12;
11320074, Gibco) supplemented with 2% fetal bovine serum (04-001-1A, Reactiva), 1% L-glutamine (25030-024,
Gibco), 1% penicillin plus 1% streptomycin (03-331-1C, Reactiva), 1 nM dexamethasone (D4902, Sigma), 1 uM insulin
(103755, HCB) and 1% amphotericin B (03-029-1C, Reactiva). The supernatant was centrifuged at 800g for 10 min
and the obtained pellet was resuspended in Dulbecco’s PBS (DPBS) and centrifuged through a two-step Percoll gradient
(25-50%). The interface of the gradient was enriched in KC and LSEC. This cell fraction was resuspended in RPMI
medium, seeded in plastic dishes and incubated for 30 min at 37°C in humid atmosphere with 5% CO: in order to
enhance KC purity. Non-adherent cells were seeded in collagen-coated wells and incubated for 1h (37°C, 5% CO,).
After this time the medium was discarded and LSEC adhered cells were washed twice with DPBS and cultured in
RPMI-1640 (01-100-1A, Reactiva) supplemented with 10% fetal bovine serum (04-001-1A, Reactiva), 1% L-glutamine
(25030-024, Gibco), 1% penicillin plus 1% streptomycin (03-331-1C, Reactiva), 0.1 mg/mL heparin (H3393, Sigma),
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0.05 mg/mL endothelial cell growth supplement (BT-203, BT) and 1% amphotericin B (03-029-1C, Reactiva). HSC
were isolated through a sequential in situ perfusion of the liver with 0.195 mg/mL collagenase A (Roche), 1.5 mg/mL
pronase (Roche) and 0.05 mg/ml Dnase (Roche) in Gey’s Balanced Salt Solution (GBSS; Sigma), and dispersed cells
were fractionated by density gradient centrifugation using 11.5% Optiprep (Sigma).[2] HSC were cultured in Iscove’s
Modified Dulbecco’s Media (IMDM, Invitrogen, Gibco) supplemented with 10% fetal bovine serum (04-001-1A,
Reactiva), 1% L-glutamine (25030-024, Gibco), 1% penicillin plus 1% streptomycin (03-331-1C, Reactiva) and 1%
amphotericin B (03-029-1C, Reactiva). Viability and purity were systematically over 95%.

Electron microscopy

Liver sinusoidal ultrastructure was characterized using electron microscopy as previously described [3]. Briefly, livers
were perfused through the portal vein with a fixation solution containing 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1M cacodylate buffer 0.1% sucrose and fixed overnight at 4°C. Samples were washed 3 times
with 0.1M sodium cacodylate buffer. Liver sections were post-fixed with 1% osmium in cacodylate buffer and
dehydrated in an ethanol gradient to 100%.

For scanning electron microscopy 6 to 8 liver blocks per sample were mounted on stubs, sputter coated with gold
and examined using a Jeol 6380 scanning electron microscope. Measurements of fenestrae size, number and density
were carried out. Fenestrations were defined as open pores with diameters <300nm. Diameter was defined as the major
length of each fenestration or gap. Porosity was defined as the sum area of fenestrations/total quantified area. Frequency
was defined as number of fenestrae per um?. At least 10 images per animal were taken.

For transmission electron microscopy, fixed liver tissue was embedded in Spurr resin, cut in 50nm ultrathin
sections, counterstained with uranyl acetate and lead citrate and examined using microscope. 10 micrographs per sample
were taken to estimate % of necrotic hepatocytes and % of sinusoids presenting each of the following parameters: lack
of microvilli, big space of Disse, peliosis and basal lamina deposition.

RNA isolation and quantitative PCR

RNA from cells and tissue were extracted using RNeasy mini kit (Qiagen) and Trizol (Life Technologies), respectively.
RNA quantification was performed using a NanoDrop spectrophotometer. cDNA was obtained using QuantiTect
reverse transcription kit (Qiagen). Real-Time PCR was performed in an ABI PRISM 7900HT Fast Real-Time PCR
System, using TagMan predesigned probes for HNF4o (Rn04339144 ml), Octl (Rn00562250 m1), Mrp2
(Rn00563231_m1), Mrp3 (Rn01452854_ml), eNOS (Rn02132634 sl1), CD31 (Rn01467262_ml), KLF2
(Rn01420495 ¢g1), CD32b (Rn00598391 ml), oa-SMA (Rn01759928 g1), PDGFRB (Rn01491838 ml), TNF-a
(Rn01525859 g1), iNOS (Rn00561646 ml), IL-6 (Rn01410330_ml), Mrcl (Rn01487342_m1), Argl
(Rn00691090_m1), IL-10 (Rn00563409_ml), HGF (Rn00566673_ml), Wnt2 (Rn01500736_m1l), Hamp
(Rn00584987_m1), Axin2 (Rn00577441_ml)and GAPDH (Rn01775763_gl) as endogenous controls. Results,
expressed as 2722Ct, represent the x-fold increase of gene expression compared with the young group.

Western Blotting

Liver samples were processed and western blot performed as described [4]. Used primary antibodies: phosphorylated
eNOS at Ser1177 (9571, Cell Signaling), total eNOS (610297, BD Transduction Laboratories), phosphorylated moesin
at Thr558 (sc-12895, Santa Cruz), total moesin (sc-13122, Santa Cruz), caveolin-1 (610059, BD Biosciences), a-SMA
(A2547, Sigma Aldrich), CD31 (555027, BD Biosciences), collagen | (84336, Cell Signalling) and ICAM-1 (AF583,
R&D Systems) all 1:500. Blots were revealed by chemiluminescence and protein expression was determined by
densitometric analysis using the Science Lab 2001 Image Gauge (Fuji Photo Film, Diisseldorf, Germany). Blots were
also assayed for GAPDH (1:1000, Sigma-Aldrich) content as standardization of sample loading.

Histological Analysis
Liver samples were fixed in 10% formalin, embedded in paraffin, sectioned, and slides were stained with Sirius Red
for liver fibrosis evaluation [5].

Frozen sections were cut to 10 um and stained with Oil Red O (Sigma Aldrich) for lipid analysis. Lipid droplets were
evaluated as the red-stained area per total area using ImageJ software.

© 2019. Maeso-Diaz R et al. Published online at http://www.aginganddisease.org/EN/10.14336/AD.2019.0127




SUPPLEMENTARY DATA

Immunohistochemistry

Liver samples were fixed in 10% formalin, embedded in paraffin, sectioned and processed for immunohistochemistry
(IHC) or immunofluorescence (IF) as previously described [6].

For IHC liver sections were incubated with antibodies against CD32b (sc-13271, Santa Cruz), eNOS (sc-654, Santa
Cruz), VWF (A0082, Dako), a-SMA (M0851, Dako), or CD163 (MCA342R, Biorad). After incubation with
corresponding secondary antibodies, color development was induced by incubation with a DAB kit (Dako) and
counterstained with hematoxylin. Sections were dehydrated and mounted. The specific staining was visualized and
fifteen images per liver were acquired using a microscope equipped with a digital camera and the assistance of
Axiovision software. The relative volume was calculated by dividing the number of points positive in sinusoidal areas
by the total number of points over liver tissue [7].

For IF, liver sections were incubated with antibodies against desmin (M0760, Dako) and CD68 (MCA341R,
Biorad), incubated with secondary antibodies Alexa Fluor 488 or 555 (1:400, Life technologies) and 4',6-diamino-2-
fenilindol (1:3000; DAPI, Sigma-Aldrich) and mounted in Fluoromount G medium. Ten images per sample were
obtained with a fluorescence microscope and percentage of positive area (desmin) or positive cells per field (CD68)
were quantified.

Cytochrome 4503A4 activity

Phase | detoxification capacity of hepatocytes was analyzed using P450-Glo™ CYP4503A4 Assay following
manufacturer’s instructions (V8901, Promega) [8]. Briefly, hepatocytes cultured for 24 hours were rinsed twice with
DPBS and incubated with culture media containing 50 uM Luciferin-PFBE at 37°C for 4h. Then supernatant was
collected and neutralized with Luciferin Detection Reagent. After incubation for 30 min at RT, plate luminescence was
read in a luminometer (Orion Il Microplate Luminometer, Germany). Samples luminescence was corrected subtracting
background luminescence.

Human HSC isolation and contraction assay

Human hepatic stellate cells were isolated from remnant liver tissue approximately weighting 20 g obtained from
discarded tissue after liver transplantation (chronic ethanol etiology). Ethics Committee of the Hospital Clinic de
Barcelona approved the experimental protocol (HCB/2015/0624) and in all cases patients received and agreed informed
consent. Median age of liver donors for cell isolation was 70 + 3 years.

Briefly, livers were perfused through major vessels for 10 min with Hanks without Ca*? and Mg*? containing 12
mM hepes (H3375, Sigma) pH 7.4, 0.6 mM ethylene glycol-bis (2-aminoethylether)-N,N,N’,N'-tetra acetic acid (E4378,
Sigma) and 0.23 mM bovine serum albumin (BSA; A1391,0100, Applichem). Then, perfused for 30 min with 0.015%
collagenase A (103586, Roche) Hanks containing 12 mM hepes (pH 7.4) and 4 mM CaCl,. The resultant digested liver
was excised and in vitro digestion was performed at 37°C with 0.01% collagenase A, Hank’s containing 12 mM hepes
(pH 7.4) and 4 mM CaCl; for 10 min. Disaggregated tissue was filtered using 100 um nylon strainer, collected in cold
Krebs buffer and centrifuged at 50 g for 5 min. Hepatocytes were contained in the pellet while non-parenchymal cells
were found in the supernatant. HSC were fractionated by density gradient centrifugation using 11.5% Optiprep (Sigma)
as previously described [8]. HSC were cultured in Iscove’s Modified Dulbecco’s Media (IMDM, Invitrogen, Gibco)
supplemented with 10% fetal bovine serum (04-001-1A, Reactiva), 1% L-glutamine (25030-024, Gibco), 1% penicillin
plus 1% streptomycin (03-331-1C, Reactiva) and 1% amphotericin B (03-029-1C, Reactiva). Viability and purity were
systematically over 95%.

Contraction of aged human HSC was performed as previously described [2]. Culture plates were incubated with
1% BSA-PBS and afterwards filled with a mix of collagen (2 mg/mL) and human HSC (1-2 x 10° cells/mL). Once the
gels were solidified, serum free IMDM with 10 uM simvastatin or vehicle was added. After 24 h, contraction was
induced by adding 10% FBS for 24 h. Finally, the contraction area was digitalized and measured with ImageJ software.
The results are expressed as % of contraction relative to the initial area of the gel.

Endotoxemia quantification
Endotoxemia was quantified using a quantitative chromogenic limulus amoebocyte lysate (LAL) test (BioWhittaker,

Nottingham, UK), following manufacturer’s instructions. Due to LPS ubiquity, samples and reagents were handled in
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an airflow chamber and processed with pyrogen-free material tested by manufacturers. E. coli lyophilized endotoxin
(22 UE/mL) provided by the kit was used to set standard endotoxin concentrations ranging from 5.0 UE/mL to 0.1
UE/mL. To verify the lack of product inhibition by plasma protein, a dilution/heating inactivation protocol was followed
prior to endotoxin measurement. A pooled E. coli endotoxin spike solution (0.4 UE/mL) was prepared with serum
samples. Dilutions ranging from 1/2 to 1/20 were performed over spiked and unspiked serum samples. All test samples
were then incubated at 60°C during 30 min [9]. The LAL test was performed after this period. The non-inhibitory
dilution was established when the difference between spiked and unspiked endotoxin values was equal to the known
concentration of the spike + 25%, as detailed by the manufacturer. Final sample dilutions used were 1/10 (spike recovery
after correction of dilution: 0.34 UE/mL). All samples were tested in triplicate and read at 405 nm in a Tecan Sunrise
microplate reader (Mé&nnedorf, Switzerland).
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Supplementary table 1. Clinical characteristics of patients with liver cirrhosis included in the microarray analysis.

Young patients Old patients p-value
(age < 50 years) (age > 50 years)

Age (years) 42+55 62+4.1 0.00
Male 6 (86%) 1 (14%) 0.01

Cirrhosis etiology naive HCV 5 (71%) 5 (71%)
treated HCV 2 (29%) 0 502

HCV + OH 0 1 (14%)

cryptogenic 0 1 (14%)
Child Pugh class A/B/C 7/0/0 41310 0.19
MELD 8.5+2.3 100+38 >0.2
Ascites 0 3 (42%) 0.19
Hepatic encephalopathy 0 1 (14%) >0.2
Gastroesophageal varices 3 (42%) 5 (71%) >0.2
Variceal bleeding 0 2 (29%) >0.2
HVPG (mmHg) 11.3+4.4 16.3+3.9 0.03
Bilirubin (mg/dL) 11407 21422 >0.2
AST (U/L) 1105 £64.0 127.8 £114.8 >0.2
ALT (U/L) 116.0 + 70.0 80.8 + 65.3 >0.2
Albumin (mg/dL) 423+3.0 375+9.1 0.13
Prothrombin time (%) 775+6.4 81.3+13.2 >0.2

Data expressed as mean + SD (n=7 each group).
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Supplementary table 2. Pathway enrichment analysis for genes up-regulated in aged cirrhotic patients.

Pathway No. Genes up- Genes Database
regulated from total
gene set
Positive regulation of viral process 44/82 VPS4B, HPN, GTF2F1, LGALS], GO
ADARB1, SMARCA4, CDK9, CD28,
TRIM11, SMARCBI, ...
Positive regulation of multiorganism 68/139 VPS4B, HPN, GTF2F1, LY86, PLAU, GO
process LGALS1, ADARB1, SMARCA4, CDKO9,
ACVRIB, ...
VEGFR1,2 Pathway 36/63 MAP2K3, PTPNG, ARF1, NOS3, MAPK14, PID
CDC42, PRKABL1, MAPK3, GRB10,
AKAPI, ...
Endomembrane system organization 154/403 TULP1, RABSA, ARL1, CLASP1, VPS4B, GO
PVRL2, RPR, ZNF385A, VPS33B, RAB34,
Extrinsic apoptotic signalling pathway 17/34 DAB2IP, NGF, MOAP1, SORT1, FASLG, GO
via death domain receptors CRADD, DDX47, TNFRSF10B,
TNFRSF1A, CASPS, ...
Alpha beta pathway 9/25 MAP2K3, HCK, MAPK14, CDC42, PAK1, PID
LCK, FYN, MAP2K4, RAC1, SRC
Mitotic prometaphase 41/72 CLASP1, CENPH, NUP85, CCDC99, Reactome
XPO1, CDC20, NUP133, NUP37, RCC2,
CKAPS, ...
CXCR4 Pathway 43/93 VPS4B, HCK, PTPNG, GNAI3, INPPSD, PID
ITGA2, CDC42, CD247, RGS1, PAKI, ...
Regulation of viral release from host 15/27 VPS4B, TRIM26, PML, TRIM11, VPS4A, GO
cell CHMP4B, TRIM21, VAPA, CAV2,
TSG101, ...
Negative regulation of extrinsic 16/30 NOS3, ICAM1, GPX1, SERPINE1, FASLG, GO

apoptotic signaling pathway via death
domain RECE

RFFL, TNFRSF10B, TNFSF10, CASPS,
FGG, ...

PID: pathway interaction database; GO: gene ontology.
Data expressed at FDR < 10% (n=7 each group).
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Supplementary table 3. Pathway enrichment analysis for genes up-regulated in aged cirrhotic patients. Top ten gene

sets related to vascular biology.

Pathway No. Genes up- Genes Database
regulated from total
gene set
VEGFR1,2 Pathway 36/63 MAP2K3, PTPN6, ARF1, NOS3, MAPK14, PID
CDC42, PRKAB1, MAPK3, GRB10, AKAP1,
Negative regulation of vasculature 37/69 DAB2IP, THBS2, CXCL10, SPARC, DCN, GO
development PDE3B, PTGER4, SEMA4A, SERPINEL,
XDH, ...
Response to retinoic acid 37/95 TNC SP100 RET RNF2 CLK2 SOX9 CD38 GO
FZD4 WNT2 ADNP2, ...
Collagens 21/37 COL7A1 COL6A2 COL16A1 COL1A2 Matrisome
COL5A1 COL1A1 COL8A2 COL5A2
COL11A1 COL9A2, ...
Regulation of wound healing 59/114 CLASP1 PPAP2B VVPS33B TSPAN8 ENPP4 GO
PLAU NOS3 STX2 APCS HBEGEF, ...
Regulation of smooth muscle cell 27148 PLAU ITGA2 RPS6KB1 PTGER4 TACR1 GO
migration SERPINE1 TPM1 P2RY6 F3 DOCKZ7, ...
Platelet derived growth factor 21/31 BCR PLEKHA1 RAPGEF1 JAK2 PDGFRA GO
receptor signaling pathway GABI PIK3C2A IQGAP1 PTEN PDGFRB, ...
Positive regulation of the 6/14 CX3CL1 LUM LGALS9 CD46 THBS1 CD34 GO
transforming growth factor beta
production
Regulation of macrophage 12/19 CALCA C1QC PRKCA CASP8 CSF1 TRIB1 GO
differentiation FADD RBI1 ID2 INHA, ...
Positive regulation of cytokine 11/29 FCER1G TRIM6 SEMA7A F2RL1 TNFSF4 GO

production involved in immune
response

B2M RSAD2 MALTI1 CD74 CD36, ...

Data expressed at FDR < 10% (n=7 each group)
PID: pathway interaction database; GO: gene ontology.
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Supplementary table 4. Pathway enrichment analysis for genes down-regulated in aged cirrhotic patients.

Pathway

No. Genes down-
regulated from total
gene set

Genes

Database

Olfactory signaling pathway

Olfactory transduction

Sensory perception of chemical
stimulus

Forebrain regionalization

Ventral spinal cord inter
neuron differentiation

Reactome FGFRL1 ligand
binding and activation

Neuron fate specification
Neuropeptide signaling
pathway

Gamma Aminobutyric acid
signaling pathway

Negative regulation of
megakaryocyte differentiation

128/282

158/341

164/405

15/21

8/15

9/13

9/24

35/79

10/17

8/14

OR9Q2 OR10AD1 OR10A3 OR51I2 OR10G9
OR4C3 OR4A5 OR5I1 OR52L1 OR5D14, ...

PRKX OR52B2 OR9Q2 OR10AD1 OR10A3
ORS5112 OR10G9 OR4C3 OR6C74 OR4AS, ...

OR52B2 OR9Q2 OR10AD1 OR10A3 OR5112
OR5H15 SCNN1D TAS2R46 OR10G9 OR4C3,

SIX3 GSX2 PAX6 EOMES WNT1 EMX1
WNT7B FGF8 BMP2 BMP4, ...

DMRT3 NKX6-1 NKX2-2 PAX6 NKX6-2 GLI2
DLL4 FOXN4

FGF10 FGF3 FGF9 FGF1 FGF8 FGF4 FGF17
FGF6 FGF22

OLIG3 DMRT3 NKX6-1 ISL1 GSX2 NKX2-2
PAX6 NKX6-2 GLI2

SCG5 GPR139 NPW CARTPT NMUR1 NTSR2
MC2R NPVF GALRI1 PPY, ...

PLCL1 GABRR2 GABRG3 CACNA1A
GABRA5 GABRA2 GABRR1 PLCL2 ATF4
GABBR2

HIST2H4B HIST1H4C HIST1H4A HIST1H4B
HIST1HA4E HIST1H4F CIB1 HIST2H4A

Reactome

KEGG

GO

GO

GO

Reactome

GO

GO

GO

GO

KEGG: Kyoto encyclopedia of genes and genomes; GO: gene ontology.

Data expressed at FDR <25% (n=7 each group).
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Supplementary Figure 1. Simvastatin ameliorates LSEC phenotype and microcirculatory dysfunction. (A) Caveolin-1 protein
expression in total liver tissue, normalized to GAPDH. (B) mRNA expression of KLF2, eNOS, CD31 and CD32b. (C) mRNA expression
of HGF, Wnt2, Hamp and Axin2. (D) CD31 protein expression in freshly isolated LSEC, normalized to GAPDH. (E) ICAM-1 protein
expression in total liver tissue, normalized to GAPDH. (F) ICAM-1 protein expression in LSEC, normalized to GAPDH. n=10 (A-C, E)
and n=5 (D, F) per group. Results represent mean + S.E.M.
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Supplementary Figure 2. NO-pathway in aged rats with aCLD treated with simvastatin or vehicle. (A) Representative blots
of eNOS and p-eNOS, normalized to GAPDH in liver tissue from aged rats with aCLD treated with simvastatin or vehicle. (B)
Hepatic levels of cyclic GMP determined in rats described in A. n=10 (A and B) per group. Results represent mean + S.E.M.
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Supplementary Figure 3. Simvastatin promotes HSC de-activation and reduction of oxidative stress. (A) Representative
images of HSC contractility and their corresponding quantification in cells freshly isolated from human aged cirrhotic livers treated
in vitro with simvastatin or vehicle. (B) Representative images of Oz~ levels in rat liver tissue (red fluorescence) & corresponding
quantification. (C) Representative images of Oz~ levels in cirrhotic rat primary HSC (red fluorescence) & corresponding
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quantification. (D) Mitochondrial Oz~ levels (red fluorescence) determined in cirrhotic rat primary HSC. n=3 (A, B) and n=5 (C, D)
per group. Results represent mean + S.E.M. All images 400X, scale bar=50pum.
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Supplementary Figure 4. Simvastatin enhances macrophages deactivation. (A) Representative images of CD68
immunofluorescence in liver tissue from aged cirrhotic rats treated with simvastatin or vehicle, and corresponding quantification. (B)
Representative images of CD163 immunohistochemistry in liver tissue from rats described in A and its quantification. (C) Expression
of TNF-o, iNOS, IL-6, Mrcl, Argl and IL-10 in liver tissue from rats described in A. n=10 per group. Results represent mean + S.E.M.
All images 400X, scale bar=50um.
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Summary of results

Study 1. Effects of aging on liver microcirculatory function and sinusoidal phenotype.

e Aged animals present mild hepatic microcirculatory dysfunction with a moderate increase in
portal pressure (PP) as a consequence of a higher hepatic vascular resistance (HVR) and an

associated reduction in liver perfusion.

e Aging is associated with mild hepatocyte injury and dysfunction as shown by deficient bile
flow and marked deregulation in differentiation markers (HNF4a, Slc22al, Abcc2, and
Abcc3).

e The aged hepatic endothelium is pseudocapillarized and procontractile. There is a clear
downregulation of the NO-GMPc vasodilatory pathway, an increment in intracellular
inflammatory molecules (IL-6, TNF-a, ICAMI1) and oxidative stress, and a significant
reduction in the expression of functional (CD32b, Stab2) and angiocrine markers (HGF,

Wnt2).

e Aged hepatic stellate cells are spontaneously activated as demonstrated by increments in the
expression of different activation markers including a-SMA, collagenlal, collagenla2,

PDGFRJ, and p-moesin.

e The aged hepatic sinusoid is in a moderate proinflammatory state with a higher
accumulation of neutrophils and CD68 positive macrophages, and increased expression of

the pro-inflammatory cytokine IL-6.

e The aged human liver displays similar features of a dysfunctional sinusoid corroborating

most of the molecular changes observed in the animal model.



Study 2. Aging influences hepatic microvascular biology and liver fibrosis in advanced

chronic liver disease.

e Old animals with aCLD present higher portal pressure (+18%) in comparison to young
cirrhotic animals, consequence of further increases in both portal blood inflow and hepatic

vascular resistance.

e Aged hepatocytes from animals with aCLD experience profound deregulations in their
phenotype and more extensive cell death, in comparison to young hepatocytes from animals

with aCLD.

e The sinusoidal endothelium of aged rats with aCLD is further capillarized. Aged LSECs
from rats with aCLD show reduction in the nitric oxide synthase pathway, depletion of

angiocrine mediators and reduced porosity and frequency of fenestrae.

e Aged cirrhotic animals exhibit exacerbated fibrosis and over-activation of HSC and

macrophages.

e The gene expression signature of cirrhotic livers from old patients is significantly divergent

from the one observed in young patients.

e Simvastatin treatment in aged-rats with cirrhosis and portal hypertension decreases portal
hypertension, ameliorates microcirculatory dysfunction and decreases fibrosis due to the

improvement in hepatic sinusoidal cells.
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Discussion

The global population is aging, and this phenomenon has a direct social and economic impact on
societies mainly through the aggravation of the burden of diseases (Kennedy et al. 2014). Aging is
an influential risk factor for liver disease development: it increases the risk for drug-induced liver
injury (DILI), promotes fibrosis progression, and increases the prevalence and severity of cirrhosis
and liver cancer (Tsochatzis et al. 2014; Sheedfar et al. 2013; Poynard et al. 2001; Frith et al. 2009;
Thabut et al. 2006; Davis et al. 2010; Stine et al. 2013; Kanwal et al. 2011).

The liver is a metabolic, synthetic, xenobiotic and endobiotic clearance center organ, which is
essential for maintaining the body homeostasis (Trefts et al. 2017). In the 50s Prof. Popper started
examining the effects of aging in the liver, and since then many other studies has described age-
related changes in liver function and structure (Wynne et al. 1989; Sastre et al. 1996; Wakabayashi
et al. 2002; Hohn & Grune 2013). Age-related changes have a direct effect in each cell type of the
liver, though most research has focused on hepatocytes, ignoring about the implications for all the
other hepatic sinusoidal cells. Altogether these alterations are making the aged liver vulnerable to
injury, contributing to systemic susceptibility to age-related disease (Longo et al. 2015; Mitchell et
al. 2015).

For this reason, studying the liver microcirculatory function and the molecular status of hepatic
sinusoidal cells in uninjured and cirrhotic aged livers were the main topics of this PhD thesis.
Understanding the molecular mechanisms promoting the hepatic age-related alterations, which are
contributing to the susceptibility for liver disease development, are the key for identifying potential

therapeutic or preventive approaches for age-associated diseases.

Previous studies have described the impact of aging on the vasculature of different territories,
although no preceding report fully characterize the liver microcirculatory phenotype in a pre-
clinical model of healthy aging (Hunt et al. 2019; Guzik & Touyz 2017). That’s why, in the first
study, we aimed at understanding the effects of aging in the specific hepatic microvasculature and

the cells integrating this microenvironment.

Results from Study 1 demonstrate a de-regulation in the intrahepatic vascular system; uninjured
aged rats exhibit a significant increase in the hepatic vascular resistance, which leads to reduced
liver perfusion and to a moderate increment in portal pressure. Although a reduction in portal blood
inflow was previously reported in humans and rodents (Vollmar et al. 2002), we herein describe
age-related alterations in the hepatic microvasculature, which are consequence of molecular

changes in the cells of the hepatic sinusoid.



Hepatocytes analysis revealed a significant decline in synthetic and detoxifying capabilities as
demonstrated by reduced bile formation, decreased urea and albumin synthesis, and changes in the
expression of hepatocyte transporters together with a decrease in the amount of this cells as
suggested the decline in the relative liver mass (Le Couteur & McLean 1998; Tietz et al. 1992;
Lopez-Otin et al. 2013). The aged-related alterations in the vascular system could be affecting the
oxygen and nutrient supplies entering the liver and consequently lead to a decrease in the functional
capacity of hepatocytes. These finding confirmed the mild hepatic age-related dysfunction found in
previous reports and, could be explaining why the aged livers are susceptible to secondary insults
such as ischemia/reperfusion or drug induced liver injury, events that are especially common in
elderly population. Underlying mechanisms explaining hepatocyte dysfunction may relate to
senescence increased (up-regulation in p16, reduction in telomere length and SIRT1) and increase
in hepatic oxidative stress. We observed an augmentation in the superoxide levels in the aged livers,
which may derive from an imbalance between pro and antioxidants, together with increased hepatic
lipid content, a well-known source of cellular oxidative stress. Importantly, oxidative stress could
also contribute to potentiate the senescence pathways, and vice versa, thus creating a deleterious
vicious cycle in the aged liver (Jin et al. 2011; Sharpless & DePinho 2004).

Our analysis of aged LSECs phenotype revealed pseudo-capillarization, which was previously
defined by the decrease in the number and size of fenestrae with age (Le Couteur et al. 2001).
However, this distinctiveness was not limited to morphologic changes in LSECs though was
accompanied by profound de-regulations in the hepatic endothelial phenotype. We observed a
significant decrease in key vasodilatory pathways, including nitric oxide and hemoxygenase in the
aged endothelium, which may contribute to the increased HVR (Van Landeghem et al. 2009). The
reduction in intrahepatic nitric oxide availability is of relevance (Hori et al. 1998; Gracia-Sancho,
Maeso-Diaz, Ferndndez-Iglesias, et al. 2015) considering the roles of NO regulating the vascular
tone, exerting anti-inflammatory effects (Iwakiri & Kim 2015), and maintaining neighboring cells
phenotype (Marrone et al. 2016; Xie et al. 2013). Reduced nitric oxide bioavailability might, at least
in part, derive from diminished eNOS activity, which may be due to reduced VEGF-p-eNOS
pathway (Kroll & Waltenberger 1998), and from increased scavenging due to elevated oxidative
stress (Gracia-Sancho et al. 2008). Together with the depletion in vasodilatory pathways in aged
LSECs, we detected a decreased expression of several angiocrine receptors (stabilin-2, CD32b and
VEGFR2) and angiocrine factors (Wnt2 and HGF) involved in the regulation of hepatocyte
regeneration (Xie et al. 2013; Leibing et al. 2018; Carpenter 2005). Aging LSECs are in a moderate
pro-inflammatory state as evidenced by increased CD68 positive cells, elevated expression of IL-6

and an increase intercellular adhesion molecule 1 expression, which leads to a substantial increase



in leukocyte adhesion, further contributing to reduced sinusoidal blood flow (lto et al. 2007).
Finally, there is upregulation of p16 and downregulation of SIRT1, which might influence cellular
senescence. Altogether these results strongly suggest liver microcirculatory dysfunction
consequence of profound deregulation of vasodilatory, inflammatory and angiocrine pathways in
LSEC by age and this might be one of the mechanisms responsible of aged-associated increase in
HVR.

We also analyzed the stellate cells phenotype in aging and revealed a slight, but significant,
activation of HSC supported by increments in different activation markers including a-SMA or
collagen 1. Underlying mechanisms explaining HSC activation in aging revealed increments in
intracellular oxidative stress and pl6 (Uehara et al. 2013) without any changes in different pro-
inflammatory mediators (TLR4, NF«xB and TGFp). Herein, we confirmed HSC lipid accumulation
within aging (Le Couteur et al. 2011) and additionally describe alterations in retinoid metabolism
and breakdown. In fact, aged livers exhibited down-regulated CRBP-1 protein levels together with
over-expressed PNPLA3, which have been associated with HSC activation and susceptibility to
develop steatohepatitis (Uchio et al. 2002; Bruschi et al. 2017). Partial activation of HSC with aging

is another mechanism contributing to aged-associated increase in HVR.

Through this thesis | have explained the inflammatory roles of both LSECs and KCs. Our results
revealed that LSECs are in a pro-inflammatory state with aging and along with LSECs, KC isolated
from aged rats displayed high IL-6 levels, a pro-inflammatory cytokine key for liver regeneration,
infection defense and regulation of metabolic functions (Schmidt-Arras & Rose-John 2016), with
no alterations in other “polarization markers” of hepatic macrophages (Krenkel et al. 2018). The
pro-inflammatory state of LSECs and KCs could be contributing to the recruitment of pro-
inflammatory cells (neutrophils and macrophages) observed in the aged livers. LPS plasmatic levels
were increased in aged rats and therefore we cannot discard that the observed systemic aged-related
endotoxemia may contribute to the abnormalities observed in sinusoidal cells. The moderate pro-
inflammatory status in the aged livers could be another mechanism responsible for the aged-

associated increase in HVR.

Finally, we were able to confirm the overall trend of pathway de-regulation in healthy young and
old humans suggesting that sinusoidal vulnerability hereby described in old rats is also of relevance

in human aging.

Taken together, the data from Study 1 demonstrate for the first time that aging is accompanied by

significant liver sinusoidal de-regulation affecting the phenotype of Hepatocytes, HSC, LSECs and



KCs, both in rodents and humans, suggesting sinusoidal vulnerability in front of subsequent chronic
or acute injuries. Using anti-aging therapies to avoid the hepatic microcirculatory age-related
dysfunction could prevent or decrease the susceptibility for the development of age-associated liver

diseases.

| have cited before that aging is a major risk factor for chronic liver diseases development; in fact,
cirrhosis is more prevalent, progresses faster and decompensates more frequently in the elderly
(Poynard et al. 2001). In the pre-clinical scenario little is known about the impact of aging on liver
diseases; two previous works suggested higher rate of fibrosis deposition in aged rats and attributed
this to alterations in the immune response (Ramirez et al. 2017; Collins et al. 2013). However, in
the Study 2 we evaluate for the first time the impact of aging on the hepatic sinusoidal milieu in a
validated pre-clinical model of aCLD, focusing on the pathophysiology of the disease and its

hemodynamic alterations.

The main finding from Study 2 is that aged animals develop a more severe form of aCLD, which is
characterized by poorer hepatic function and exacerbated portal hypertension, fibrosis and
inflammation. At the microcirculatory level, we describe for the first time that aged rats with aCLD
show a marked aggravation in portal hypertension, which could be explained by increments in both
vascular resistance and liver blood inflow. In the introduction of this thesis | have explicated in
detailed that portal hypertension is a clinical syndrome consequence of an increased in HVR due to
anatomical factors and functional abnormalities. We hypothesized that the deterioration of the
intrahepatic microcirculatory status observed with aging is a consequence of overall deregulations
in the phenotype of the main liver cells causing aggravation of both anatomical and functional

components.

Indeed, aged rats with cirrhosis exhibited serious liver damage reflected by the increase in
transaminases and the reduction in serum albumin and bile production in comparison with young
rats with aCLD. Interestingly, aging was also accompanied by increases in both systemic and
hepatic lipids content which can be an important source of oxidative stress; a well-known factor
triggering HSC activation and aCLD development (Gracia-Sancho et al. 2018). Hepatocytes
phenotype was significantly de-regulated and additionally, they were more affected by cell death,
signaling that could be promoting HSC over-stimulation. Previous reports observed that aging is a
factor promoting fibrogenesis, statement that we have confirmed in our aged rats with aCLD. In
study 1 we showed that HSC are moderately activated during healthy aging and accordingly, we
herein describe that old HSC undergo significant changes due to chronic liver injury in comparison

to young animals. HSC are the major source of ECM and play important roles in modulating the



hepatic vascular resistance in cirrhosis (Tsuchida & Friedman 2017), which ultimately lead to
expand deposition of extracellular matrix. Altogether, increased fibrotic deposition and massive cell
death could be responsible for the hepatic architecture deterioration (anatomical factors) observed in
the aged model of aCLD (Canbay et al. 2003).

Analysis of LSEC de-differentiation markers revealed alterations in LSEC phenotype. LSECs in
aged rats with aCLD presented a major reduction in the nitric oxide synthase pathway, depletion of
angiocrine mediators and importantly, reduced porosity and frequency of fenestrae. In the Study 1
we showed that LSECs during healthy aging are pseudo-capillarized and moderately dysfunctional
(Maeso-Diaz et al. 2018), our findings in Study 2 suggests that these changes are much intensified
in aged livers affected by chronic injury. Aggravation of LSECs capillarization could be

contributing to both anatomical and functional components of portal hypertension development.

It has been widely described the role of inflammation in the progression of aCLD (Tacke 2017), but
much less is known in the aging context (Mahrouf-Yorgov et al. 2011). Along with what we have
observed in HSC and LSECs, during healthy aging the liver is in a moderate pro-inflammatory
status in comparison to young animals, and we noticed that aged cirrhotic rats exhibit further
deterioration in the hepatic inflammatory phenotype. They present a significant increase in the
recruitment of pro-inflammatory macrophages together with a decrease in the expression of pro-
resolution cytokines in this cellular sub-population. The increase in the myeloid cell content in the
aged cirrhotic liver may derive from the sinusoidal endothelial activation described above, and
importantly, this could be another mechanism contributing to microcirculatory dysfunction and

global worsening of the disease (Nieto 2006).

In addition and aimed at understanding the translatability of our pre-clinical discoveries, we
characterized the hepatic transcriptome in two groups of cirrhotic patients of different age. The
result of these analyses confirmed the alterations observed in the aging rat model: endothelial
deregulation, HSC over-activation, enhanced fibrogenesis and immune cell activation. Altogether,
the pre-clinical and clinical data obtained in this study suggest that the pathophysiology of CLD is
much worse, and probably involves different molecular mechanisms, when comparing aged and
young individuals. This finding has implications for the discovery of new therapeutic approaches
and treatment of portal hypertension and cirrhosis, both preclinical studies and clinical trials should

consider age when in the experimental design.

Many efforts are currently being directed towards the development of novel therapeutic approaches

for portal hypertension (Gracia-Sancho et al. 2015; Vilaseca et al. 2018). We have learnt alongside



this thesis how aging creates a distinctive hepatic milieu and because of that, drugs that show
efficacy in the young may not work in the aged (McLean & Le Couteur 2004). However, most
preclinical studies on the effects of different substances and drugs on the liver circulation have been
conducted in young animals. Our current work revealed striking differences between young and
aged liver, including alterations in vasoactive pathways, indicating that studies performed in young
animals may not entirely reflect what should be expected from the clinical use of most

interventions, as vasoactive drugs which are and will be mainly prescribed in the elderly.

Statins are HMGCOoA reductase inhibitors, originally designed as cholesterol-lowering drugs. Over
the years have been re-discovered for their pleiotropic effects on inflammation, fibrosis and
endothelial function, among others (Liao 2005). Different studies have reported the benefits of
statins in experimental models of young cirrhosis and in clinical trials evaluating its effects in
patients with cirrhosis (Abraldes et al. 2007; Trebicka et al. 2010; Mohanty et al. 2016) but none
has evaluated the effect of this therapy in aged aCLD. Actually, the efficacy and safety of statin
therapy among older people have only being addressed for treating cardiovascular diseases and
even in this field, it is still on discussion due to lack of studies and information regarding this topic
(Armitage et al. 2019).

In this study we observed that 2-week administration of 5 mg/day/kg simvastatin to aged cirrhotic
rats significantly improves liver microvascular dysfunction and portal hypertension, accompanied
by slight ameliorations in the systemic hemodynamic and in hepatic function. Underlying
mechanisms explaining the global benefits of this vasoprotective compound revealed reduced
disease severity in all major hepatic cell types. Hepatocytes exhibited an improved phenotype as
suggested by ameliorations in their synthetic capacity, in blood tests and in the ultrastructural
architecture. Importantly, we did not observe signs of toxicity due to the treatment, even though has
been described that old animals have a reduced detoxifying activity (Le Couteur & McLean 1998).
Previous evidence of simvastatin toxic effects may derive from the experimental model used to
induce CLD (common bile duct ligation) and/or be dose dependent (Rodriguez et al. 2017). Indeed,
in our study we selected a dose of 5 mg/day/kg in rats, which is equivalent to a dose of 80 mg/day
in adult humans following Reagan-Shaw et al. dose conversion (Reagan-Shaw et al. 2007) and
preferred to generate CLD by chronic CCls with no obstruction of bile secretion, thus preventing
drug accumulation. In the clinical scenario, a recent study revealed that long-term statins treatment
was associated with a significant increase in rhabdomyolysis toxicity events at a dose of 40 mg/kg
in patients with decompensated cirrhosis but not at a dose of 20 mg/kg (Pose et al. 2019). However,

in this study simvastatin is given in combination with the antibiotic rifaximin, the sample size is



limited, and most important, they do not consider age in the data analysis. Therefore, further trials
are necessary to demonstrate if statins are beneficial for treating chronic liver disease specifically in

the elderly subpopulation of patients.

The hepatic endothelium increased the expression of functional and angiocrine markers, while
decreased the expression of capillarisation and inflammatory markers in response to simvastatin.
Remarkably, aged cirrhotic animals treated with simvastatin for 15 days exhibited double number
and frequency of fenestrae, which in fact may contribute to improve parenchymal function through
a better diffusion of oxygen, nutrients, and waste products (Wisse et al. 1985). We could not detect
differences in the nitric oxide pathway when comparing both groups of animals although our results
support that the hepatic endothelium was ameliorated due to the treatment, and that previous reports
have shown the effects of statins in this pathway. Further studies are required to elucidate if this is
due to a partial spontaneous recovery in the vehicle-treated group after the 15 days semi-chronic

treatment or that the aged rats with cirrhosis may exhibit a poor NO-signaling response to statins.

Importantly, simvastatin treatment promoted a marked regression in liver fibrosis, which may be
due to deactivation of HSC, together with a reduction in oxidative stress and inflammation.
Additionally, HSC phenotype improvement could also contribute to the amelioration of hepatic
microvascular dysfunction (Klein et al. 2012). Our observations are in agreement with previous

clinical observations in patients with liver disease.

In conclusion, this study provides evidence that aCLD has a much-aggravated pathophysiology in
aged individuals, and even more importantly, that aging may activate different or additional
molecular mechanisms from those observed in young. Therefore, aging should be incorporated to
investigate the pathophysiology of aCLD to translate results more accurately to humans and may
allow the development of more reliable therapeutic strategies. In fact, the characterization of
simvastatin in this model further recommends its applicability at the bedside including the vast
population affected by aCLD: the elderly.
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Conclusions

Study 1: Effects of aging on liver microcirculatory function and sinusoidal phenotype.

Aging is associated with increases in portal pressure and vascular resistance leading to
reduce hepatic blood flow.

The hepatic sinusoid with aging is accompanied by slight but significant alterations in all the
cells of the hepatic sinusoid including hepatocytes, LSEC, HSC and KC.

The pathway deregulations observed in aged rat livers are also present in human aging.

[

Aging is accompanied by significant liver sinusoidal deregulation, both in rodents and
humans, suggesting sinusoidal vulnerability in front of subsequent chronic or acute injuries.

Study 2: Aging influences hepatic microvascular biology and liver fibrosis in advanced
chronic liver disease.

aCLD has a much-aggravated pathophysiology in aged rats and humans.

The molecular profile of cirrhotic livers from old patients is different from those observed in

young.

Simvastatin treatment in aged animals with aCLD decreases portal hypertension and
fibrosis, and ameliorates microcirculatory dysfunction as a result of the improvement of the
cells of the hepatic sinusoid, without any toxic effect associated.

Using closer to real-life models to investigate the pathophysiology of aCLD may allow the
development of more reliable therapeutic strategies. Our study further recommends the use
of simvastatin for the treatment of aCLD including the subgroup of aged patients.
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Future research directions

It is true we have provided our grain of sand to the aging field but, as it happens in science, from
one contribution we have raised many other questions. In Study 1 we have seen how aging affects
the phenotype of liver sinusoidal cells and how these alterations have consequences in the hepatic
microcirculation and hepatic function. The next thing one would think is when this change occurs,
during the timeline of life when there is a significant change in the organism that makes the
difference and causes alterations in the phenotype of the cells and therefore in the organ
functionality. Second, is where this happens is it a systemic alteration, as it could be the
inflammaging or is it a local modification in the liver, as it could be the shortening of the telomeres
in the cells of the liver. Third, is how and why it happens or in other words, which is the molecular
mechanism triggering the aging switch in the liver or most probably, which ones are? These are the
most general questions | would like to address in the future. However, to answer these big
interrogations we must do one step at a time and focus the research in specific hypothesis. For
example, is it inflammaging responsible for the age-associated microcirculatory dysfunction? Is it
the microcirculatory dysfunction observed with aging equivalent to the one observed after chronic

liver injury? LSEC age-related dysfunction is also preceding inflammation and HSC activation?

Hepatic age-related changes are turning cells vulnerable in front of a chronic injury as we have
demonstrated in Study 2 or acute injury (Study 3 Anex). Aged livers exposed to a chronic injury
exhibited an aggravated disease compared to young livers and the molecular mechanisms involved
in the pathophysiology of chronic liver disease may be different because of age. In this case, more
translational venues of research emerge: future preclinical and clinical studies should take age into
account when searching and testing for new therapeutic approaches for treating chronic liver

disease.

In conclusion, we still have a long road ahead of us in the aging liver field and we must keep
pursuing the answers by doing research with the objective of finding both anti-aging therapies and

treatments for chronic liver diseases.



Page 142 - Future research directions



Bibliography



Bibliography

Abraldes JG, Rodriguez-Vilarrupla A, Graupera M, Zafra C, Garcia-Calderé H, Garcia-
Pagan JC & Bosch J (2007) Simvastatin treatment improves liver sinusoidal
endothelial dysfunction in CCl4 cirrhotic rats. J. Hepatol. 46, 1040—1046.

Abraldes JG, Villanueva C, Aracil C, Turnes J, Hernandez-Guerra M, Genesca J,
Rodriguez M, Castellote J, Garcia-Pagan JC, Torres F, Calleja JL, Albillos A,
Bosch J, Augustin S, Llop E, Arraez DM, Hernandez Mesa G, Martinez J, Reverter
E, Seijo S, Turon F, Mifiana J, Buenestado J, Refie JM, Navacués CA, Planas R,
Morillas RM, Bellot P, Such J, Vergara M, Puente A, De La Pena J, Mera Calviio
J, Rivas Moral L, Pavel O, Alvarado E, Ardevol A, Girbau A, Cachero A, Arnaiz
JA, Berzigotti A, Pich J, Rios J, Saenz R, Millan L, Beleta H & Ramos N (2016)
Addition of Simvastatin to Standard Therapy for the Prevention of Variceal
Rebleeding Does Not Reduce Rebleeding but Increases Survival in Patients with
Cirrhosis. Gastroenterology 150, 1160-1170e3.

Aird WC (2012) Endothelial cell heterogeneity. Cold Spring Harb. Perspect. Med. 2.

Angulo P, Keach JC, Batts K & Lindor KD (1999) Independent Predictors of Liver
Fibrosis in Patients With Nonalcoholic Steatohepatitis. Hepatology 30, 1356—1362.

Arias IM, Alter HJ, Boyer JL, Cohen DE, Fausto N, Shafritz DA & Wolkoff AW
(2009) The Liver: Biology and Pathobiology: Fifth Edition John Wiley and Sons,
ed.,

Armitage J, Baigent C, Barnes E, Betteridge DJ, Blackwell L, Blazing M, Bowman L,
Braunwald E, Byington R, Cannon C, Clearfield M, Colhoun H, Collins R, Dahl6f
B, Davies K, Davis B, de Lemos J, Downs JR, Durrington P, Emberson J,
Fellstrom B, Flather M, Ford I, Franzosi MG, Fulcher J, Fuller J, Furberg C,
Gordon D, Goto S, Gotto A, Halls H, Harper C, Hawkins CM, Herrington W,
Hitman G, Holdaas H, Holland L, Jardine A, Jukema JW, Kastelein J, Kean S,
Keech A, Kirby A, Kjekshus J, Knatterud (deceased) G, Knopp (deceased) R,
Koenig W, Koren M, Krane V, Landray MJ, LaRosa J, Lonn E, MacFarlane P,
MacMahon S, Maggioni A, Marchioli R, Marschner I, Mihaylova B, Moy¢ L,
Murphy S, Nakamura H, Neil A, Newman C, O’Connell R, Packard C, Parish S,
Pedersen T, Peto R, Pfeffer M, Poulter N, Preiss D, Reith C, Ridker P, Robertson
M, Sacks F, Sattar N, Schmieder R, Serruys P, Sever P, Shaw J, Shear C, Simes J,
Sleight P, Spata E, Tavazzi L, Tobert J, Tognoni G, Tonkin A, Trompet S, Varigos
J, Wanner C, Wedel H, White H, Wikstrand J, Wilhelmsen L, Wilson K, Young R,
Yusuf S & Zannad F (2019) Efficacy and safety of statin therapy in older people: a
meta-analysis of individual participant data from 28 randomised controlled trials.
Lancet 393, 407-415.

Bachem MG, Meyer D, Melchior R, Sell KM & Gressner AM (1992) Activation of rat
liver perisinusoidal lipocytes by transforming growth factors derived from
myofibroblastlike cells. A potential mechanism of self perpetuation in liver
fibrogenesis. J. Clin. Invest. 89, 19-27.

Bari K & Garcia-Tsao G (2012) Treatment of portal hypertension. World J.
Gastroenterol. 18, 1166-75.



Bataller R & Brenner DA (2009) Pathogenesis of Hepatic Fibrosis. Gastroenterol. Fifth
Ed. 1, 658-679.

Beckman JA & Creager MA (2006) Statins and endothelial function. 16, 138—139.

Benhamouche S, Decaens T, Godard C, Chambrey R, Rickman DS, Moinard C,
Vasseur-Cognet M, Kuo CJ, Kahn A, Perret C & Colnot S (2006) Apc Tumor
Suppressor Gene Is the “Zonation-Keeper” of Mouse Liver. Dev. Cell 10, 759—
770.

Berzigotti A, Seijo S, Reverter E & Bosch J (2013) Assessing portal hypertension in
liver diseases. Expert Rev. Gastroenterol. Hepatol. 7, 141-155.

Bhathal PS & Grossman HJ (1985) Reduction of the increased portal vascular resistance
of the isolated perfused cirrhotic rat liver by vasodilators. J. Hepatol. 1, 325-337.

Birchmeier W (2016) Orchestrating Wnt signalling for metabolic liver zonation. Nat.
Cell Biol. 18, 463—465.

Bissell DM, Wang SS, Jarnagin WR & Roll FJ (1995) Cell-specific expression of
transforming growth factor-f in rat liver: Evidence for autocrine regulation of
hepatocyte proliferation. J. Clin. Invest. 96, 447-455.

Blachier M, Leleu H, Peck-Radosavljevic M, Valla DC & Roudot-Thoraval F (2013)
The burden of liver disease in Europe: A review of available epidemiological data.
J. Hepatol. 58, 593—608.

Blaner WS, Hendriks HFJ, Brouwer A, Lecuw AM De, Knook DL & Goodman DS
(1985) Retinoids, retinoid-binding proteins, and retinyl palmitate hydrolase
distributions in different types of rat liver cells. J. Lipid Res. 26, 1241-1251.

Blomhoff R (1990) Transport and metabolism of vitamin A. Nutr. Rev. 52, S13-23.

Bosch J (2007) Vascular deterioration in cirrhosis: The big picture. J. Clin.
Gastroenterol. 41, S247-53.

Bruschi FV, Claudel T, Tardelli M, Caligiuri A, Stulnig TM, Marra F & Trauner M
(2017) The PNPLA3 1148M variant modulates the fibrogenic phenotype of human
hepatic stellate cells. Hepatology 65, 1875-1890.

Bucher NL, Swaffield MN & Ditroia JF (1964) The influence of age upon the
incorporation of thymidine-2-c14 into the DNA of regenerating rat liver. Cancer
Res. 24, 509—-12.

Burke ZD, Reed KR, Phesse TJ, Sansom OJ, Clarke AR & Tosh D (2009) Liver
Zonation Occurs Through a pB-Catenin-Dependent, c-Myc-Independent
Mechanism. Gastroenterology 136, 2316-2324.

Burroughs AK & Thalheimer U (2010) Hepatic venous pressure gradient in 2010:
optimal measurement is key. Hepatology 51, 1894-6.

Canali S, Zumbrennen-Bullough KB, Core AB, Wang CY, Nairz M, Bouley R, Swirski
FK & Babitt JL (2017) Endothelial cells produce bone morphogenetic protein 6
required for iron homeostasis in mice. Blood 129, 405-414.



Canbay A, Taimr P, Torok N, Higuchi H, Friedman S & Gores GJ (2003) Apoptotic
body engulfment by a human stellate cell line is profibrogenic. Lab. Investig. 83,
655-663.

Del Carmen Garcia de Leon M, Montfort I, Tello Montes E, Lopez Vancell R, Olivos
Garcia A, Gonzélez Canto A, Nequiz-Avendafio M & Pérez-Tamayo R (2006)
Hepatocyte production of modulators of extracellular liver matrix in normal and
cirrhotic rat liver. Exp. Mol. Pathol. 80, 97-108.

Carpenter B (2005) VEGEF is crucial for the hepatic vascular development required for
lipoprotein uptake. Development 132, 3293-3303.

Carrier P, Debette-Gratien M, Jacques J & Loustaud-Ratti V (2019) Cirrhotic patients
and older people. World J. Hepatol. 11, 663—677.

Casey PJ (1995) Protein lipidation in cell signaling. Science 268, 221-5.

Chan EP & Wells RG (2007) Today’s hepatic stellate cells: Not your father’s
Sternzellen. Hepatology 45, 1326-1327.

Choi SS, Omenetti A, Witek RP, Moylan CA, Syn WK, Jung Y, Yang L, Sudan DL,
Sicklick JK, Michelotti GA, Rojkind M & Diehl AM (2009) Hedgehog pathway
activation and epithelial-to-mesenchymal transitions during myofibroblastic
transformation of rat hepatic cells in culture and cirrhosis. Am. J. Physiol. -
Gastrointest. Liver Physiol. 297.

Cogger VC, Warren A, Fraser R, Ngu M, McLean AJ & Le Couteur DG (2003) Hepatic
sinusoidal pseudocapillarization with aging in the non-human primate. Exp.
Gerontol. 38, 1101-1107.

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, 593-602.

Collins BH, Holzknecht ZE, Lynn KA, Sempowski GD, Smith CC, Liu S, Parker W &
Rockey DC (2013) Association of age-dependent liver injury and fibrosis with
immune cell populations. Liver Int. 33, 1175-1186.

Le Couteur DG, Cogger VC, Markus AMA, Harvey PJ, Yin ZL, Ansselin AD &
McLean AJ (2001) Pseudocapillarization and associated energy limitation in the
aged rat liver. Hepatology 33, 537-543.

Le Couteur DG, Fraser R, Hilmer S, Rivory LP & McLean AJ (2005) The hepatic
sinusoid in aging and cirrhosis: Effects on hepatic substrate disposition and drug
clearance. Clin. Pharmacokinet. 44, 187-200.

Le Couteur DG & McLean AJ (1998) The aging liver: Drug clearance and an oxygen
diffusion barrier hypothesis. Clin. Pharmacokinet. 34, 359-373.

Le Couteur DG, Warren A, Cogger VC, Fraser R, Deleve LD & McCuskey RS (2011)
The effects of old age on hepatic stellate cells. Curr. Gerontol. Geriatr. Res. 2011,
439835.



Le Couteur DG, Warren A, Cogger VC, Smedsrad B, Serensen KK, De Cabo R, Fraser
R & McCuskey RS (2008) Old age and the hepatic sinusoid. Anat. Rec. 291, 672—
683.

Davis GL, Alter MJ, El-Serag H, Poynard T & Jennings LW (2010) Aging of hepatitis
C virus (HCV)-infected persons in the United States: a multiple cohort model of
HCV prevalence and disease progression. Gastroenterology 138, 513-21, 521.el1—

6.

DeLeve LD, Wang X & Guo Y (2008) Sinusoidal endothelial cells prevent rat stellate
cell activation and promote reversion to quiescence. Hepatology 48, 920-930.

DeLeve LD, Wang X, Kanel GC, Atkinson RD & McCuskey RS (2008) Prevention of
hepatic fibrosis in a murine model of metabolic syndrome with nonalcoholic
steatohepatitis. Am. J. Pathol. 173,993—-1001.

Desroches-Castan A, Tillet E, Ricard N, Ouarné M, Mallet C, Feige J-J & Bailly S
(2019) Differential Consequences of Bmp9 Deletion on Sinusoidal Endothelial
Cell Differentiation and Liver Fibrosis in 129/0Ola and C57BL/6 Mice. Cells 8.

Ding B-S, Nolan DJ, Butler JM, James D, Babazadeh AO, Rosenwaks Z, Mittal V,
Kobayashi H, Shido K, Lyden D, Sato TN, Rabbany SY & Rafii S (2010)
Inductive angiocrine signals from sinusoidal endothelium are required for liver
regeneration. Nature 468, 310-315.

Ding B Sen, Cao Z, Lis R, Nolan DJ, Guo P, Simons M, Penfold ME, Shido K,
Rabbany SY & Rafii S (2014) Divergent angiocrine signals from vascular niche
balance liver regeneration and fibrosis. Nature 505, 97—102.

Duan JL, Ruan B, Yan XC, Liang L, Song P, Yang ZY, Liu Y, Dou KF, Han H &
Wang L (2018) Endothelial Notch activation reshapes the angiocrine of sinusoidal
endothelia to aggravate liver fibrosis and blunt regeneration in mice. Hepatology
68, 677-690.

Fernandez-Iglesias A & Gracia-Sancho J (2017) How to Face Chronic Liver Disease:
The Sinusoidal Perspective. Front. Med. 4, 1-10.

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

Fernandez M, Semela D, Bruix J, Colle I, Pinzani M & Bosch J (2009) Angiogenesis in
liver disease. J. Hepatol. 50, 604—620.

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, 886—894.

Friedman SL (2008) Hepatic stellate cells: Protean, multifunctional, and enigmatic cells
of the liver. Physiol. Rev. 88, 125-172.

Friedman SL, Roll FJ, Boylest J & Bissell DM (1985) Hepatic lipocytes: The principal
collagen-producing cells of normal rat liver. Med. Sci. 82, 8681-8685.



Frith J, Jones D & Newton JL (2009) Chronic liver disease in an ageing population. Age
Ageing 38, 11-18.

Fry M, Silber J, Loeb LA & Martin GM (1984) Delayed and reduced cell replication
and diminishing levels of DNA polymerase in regenerating liver of aging mice. J.
Cell. Physiol. 118,225-232.

Gagliano N, Grizzi F & Annoni G (2007) Mechanisms of aging and liver functions.
Dig. Dis. 25, 118-23.

Gao B, Jeong W Il & Tian Z (2008) Liver: An organ with predominant innate
immunity. Hepatology 47, 729-736.

Garcia-Pagan JC, Gracia-Sancho J & Bosch J (2012) Functional aspects on the
pathophysiology of portal hypertension in cirrhosis. J. Hepatol. 57, 458—461.

Geerts A (2001) History, heterogeneity, developmental biology, and functions of
quiescent hepatic stellate cells. Semin. Liver Dis. 21, 311-335.

Genesca J, Gonzalez A, Mujal A, Cereto F & Segura R (1999) Vascular endothelial
growth factor levels in liver cirrhosis. Dig. Dis. Sci. 44, 1261-2.

Goldstein JL & Brown MS (1990) Regulation of the mevalonate pathway. Nature 343,
425-30.

Gordon S & Taylor PR (2005) Monocyte and macrophage heterogeneity. Nat. Rev.
Immunol. 5, 953-964.

Gracia-Sancho J, Lavina B, Rodriguez-Vilarrupla A, Brandes RP, Ferndndez M, Bosch
J & Garcia-Pagéan JC (2007) Evidence Against a Role for NADPH Oxidase
Modulating Hepatic Vascular Tone in Cirrhosis. Gastroenterology 133, 959-966.

Gracia-Sancho J, Lavina B, Rodriguez-Vilarrupla A, Garcia-Calder6 H, Bosch J &
Garcia-Pagan JC (2007) Enhanced vasoconstrictor prostanoid production by
sinusoidal endothelial cells increases portal perfusion pressure in cirrhotic rat
livers. J. Hepatol. 47, 220-227.

Gracia-Sancho J, Lavina B, Rodriguez-Vilarrupla A, Garcia-Calderé H, Fernandez M,
Bosch J & Garcia-Pagan JC (2008) Increased oxidative stress in cirrhotic rat livers:
A potential mechanism contributing to reduced nitric oxide bioavailability.
Hepatology 47, 1248—1256.

Gracia-Sancho J, Maeso-Diaz R & Bosch J (2015) Pathophysiology and a Rational
Basis of Therapy. Dig. Dis. 33, 508-514.

Gracia-Sancho J, Maeso-Diaz R, Fernandez-Iglesias A, Navarro-Zornoza M & Bosch J
(2015) New cellular and molecular targets for the treatment of portal hypertension.
Hepatol. Int. 9, 183—-191.

Gracia-Sancho J, Marrone G & Fernandez-Iglesias A (2018) Hepatic microcirculation
and mechanisms of portal hypertension. Nat. Rev. | Gastroenterol. Hepatol.
16(4):221-234.



Graupera M, March S, Engel P, Rodés J, Bosch J & Garcia-Pagan J-C (2005)
Sinusoidal endothelial COX-1-derived prostanoids modulate the hepatic vascular
tone of cirrhotic rat livers. Am. J. Physiol. Gastrointest. Liver Physiol. 288, G763-
70.

Guixé-Muntet S, de Mesquita FC, Vila S, Hernandez-Gea V, Peralta C, Garcia-Pagan
JC, Bosch J & Gracia-Sancho J (2017) Cross-talk between autophagy and KLF2
determines endothelial cell phenotype and microvascular function in acute liver
injury. J. Hepatol. 66, 86-94.

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, 926-931.

Guzik TJ & Touyz RM (2017) Oxidative Stress, Inflammation, and Vascular Aging in
Hypertension. Hypertension 70, 660—667.

He W, Goodkind D & Kowal P (2016) An Aging World : 2015 International Population
Reports. U.S. Gov. Publ. Off. Washington, D.C., P95/16-1.

Hendriks HFJ, Verhoofstad WAMM, Brouwer A, De Leeuw AM & Knook DL (1985)
Perisinusoidal fat-storing cells are the main vitamin A storage sites in rat liver.
Exp. Cell Res. 160, 138—149.

Heymann F, Hammerich L, Storch D, Bartneck M, Huss S, Riisseler V, Gassler N, Lira
SA, Luedde T, Trautwein C & Tacke F (2012) Hepatic macrophage migration and
differentiation critical for liver fibrosis is mediated by the chemokine receptor C-C
motif chemokine receptor 8 in mice. Hepatology 55, 898-909.

Hilmer SN, Cogger VC & Le Couteur DG (2007) Basal activity of Kupffer cells
increases with old age. J. Gerontol. A. Biol. Sci. Med. Sci. 62, 973-8.

Hilmer SN, Cogger VC, Fraser R, McLean AJ, Sullivan D & Le Couteur DG (2005)
Age-related changes in the hepatic sinusoidal endothelium impede lipoprotein
transfer in the rat. Hepatology 42, 1349—1354.

Hohn A & Grune T (2013) Lipofuscin: formation, effects and role of macroautophagy.
Redox Biol. 1, 140-4.

Hori N, Wiest R & Groszmann RJ (1998) Enhanced release of nitric oxide in response
to changes in flow and shear stress in the superior mesenteric arteries of portal
hypertensive rats. Hepatology 28, 1467-73.

Hunt NJ, Kang SW (Sophie), Lockwood GP, Le Couteur DG & Cogger VC (2019)
Hallmarks of Aging in the Liver. Comput. Struct. Biotechnol. J. 17, 1151-1161.

Iredale JP (1997) Tissue inhibitors of metalloproteinases in liver fibrosis. Int. J.
Biochem. Cell Biol. 29, 43-54.

Ito Y, Serensen KK, Bethea NW, Svistounov D, McCuskey MK, Smedsred BH &
McCuskey RS (2007) Age-related changes in the hepatic microcirculation in mice.
Exp. Gerontol. 42, 789-797.

Iwakiri Y & Groszmann RJ (2006) The hyperdynamic circulation of chronic liver



diseases: From the patient to the molecule. Hepatology 43, S121-31.

Iwakiri Y & Kim MY (2015) Nitric oxide in liver diseases. Trends Pharmacol. Sci. 36,
524-536.

Jamieson HA, Hilmer SN, Cogger VC, Warren A, Cheluvappa R, Abernethy DR,
Everitt A V., Fraser R, de Cabo R & Le Couteur DG (2007) Caloric restriction
reduces age-related pseudocapillarization of the hepatic sinusoid. Exp. Gerontol.
42,374-378.

Jeong W 11, Do SH, Yun HS, Song BJ, Kim SJ, Kwak WJ, Yoo SE, Park HY & Jeong
KS (2004) Hypoxia potentiates transforming growth factor-f expression of
hepatocyte during the cirrhotic condition in rat liver. Liver Int. 24, 658—668.

Jiang P, Sheng Y & Ji L (2013) The age-related change of glutathione antioxidant
system in mice liver. Toxicol. Mech. Methods 23, 396—401.

Jin J, Iakova P, Jiang Y, Medrano EE & Timchenko NA (2011) The reduction of SIRT1
in livers of old mice leads to impaired body homeostasis and to inhibition of liver
proliferation. Hepatology 54, 989—998.

Jin J, Wang G-L, Shi X, Darlington GJ & Timchenko NA (2009) The Age-Associated
Decline of Glycogen Synthase Kinase 3 Plays a Critical Role in the Inhibition of
Liver Regeneration. Mol. Cell. Biol. 29, 3867-3880.

Ju C & Tacke F (2016) Hepatic macrophages in homeostasis and liver diseases: From
pathogenesis to novel therapeutic strategies. Cell. Mol. Immunol. 13, 316-327.

Kanwal F, Hoang T, Kramer JR, Asch SM, Goetz MB, Zeringue A, Richardson P &
Elserag HB (2011) Increasing prevalence of HCC and cirrhosis in patients with
chronic hepatitis C virus infection. Gastroenterology 140, 1182-1188.el.

Kawada N, Tran-Thi TA, Klein H & Decker K (1993) The contraction of hepatic
stellate (Ito) cells stimulated with vasoactive substances. Possible involvement of

endothelin 1 and nitric oxide in the regulation of the sinusoidal tonus. Eur. J.
Biochem. 213, 815-23.

Kennedy BK, Berger SL, Brunet A, Campisi J, Cuervo AM, Epel ES, Franceschi C,
Lithgow GJ, Morimoto RI, Pessin JE, Rando TA, Richardson A, Schadt EE, Wyss-
Coray T & Sierra F (2014) Geroscience: Linking aging to chronic disease. Cell 6,
709-713.

Kietzmann T (2017) Metabolic zonation of the liver: The oxygen gradient revisited.
Redox Biol. 11, 622-630.

Klein S, Klosel J, Schierwagen R, Korner C, Granzow M, Huss S, Mazar IGR, Weber
S, Van Den Ven PFM, Pieper-Fiirst U, Fiirst DO, Nattermann J, Lammert F,
Sauerbruch T & Trebicka J (2012) Atorvastatin inhibits proliferation and
apoptosis, but induces senescence in hepatic myofibroblasts and thereby attenuates
hepatic fibrosis in rats. Lab. Investig. 92, 1440-1450.

Koch PS, Olsavszky V, Ulbrich F, Sticht C, Demory A, Leibing T, Henzler T, Meyer
M, Zierow J, Schneider S, Breitkopf-Heinlein K, Gaitantzi H, Spencer-Dene B,
Arnold B, Klapproth K, Schledzewski K, Goerdt S & Géraud C (2017) Angiocrine



Bmp?2 signaling in murine liver controls normal iron homeostasis. Blood 129, 415—
419.

Kopterides P & Falagas ME (2009) Statins for sepsis: a critical and updated review.
Clin. Microbiol. Infect. 15, 325-34.

Krenkel O, Puengel T, Govaere O, Abdallah AT, Mossanen JC, Kohlhepp M, Liepelt A,
Lefebvre E, Luedde T, Hellerbrand C, Weiskirchen R, Longerich T, Costa IG,
Anstee QM, Trautwein C & Tacke F (2018) Therapeutic inhibition of
inflammatory monocyte recruitment reduces steatohepatitis and liver fibrosis.
Hepatology 67, 1270—1283.

Kroll J & Waltenberger J (1998) VEGF-A induces expression of eNOS and iNOS in
endothelial cells via VEGF receptor-2 (KDR). Biochem. Biophys. Res. Commun.
252, 743-746.

Kudryavtsev BN, Kudryavtseva M V, Sakuta GA & Stein GI (1993) Human hepatocyte
polyploidization kinetics in the course of life cycle. Virchows Arch. B. Cell Pathol.
Incl. Mol. Pathol. 64, 387-93.

Laleman W, Omasta A, Van De Casteele M, Zeegers M, Vander Elst I, Van Landeghem
L, Severi T, Van Pelt J, Roskams T, Fevery J] & Nevens F (2005) A role for
asymmetric dimethylarginine in the pathophysiology of portal hypertension in rats
with biliary cirrhosis. Hepatology 42, 1382—1390.

Van Landeghem L, Laleman W, Vander Elst I, Zeegers M, van Pelt J, Cassiman D &
Nevens F (2009) Carbon monoxide produced by intrasinusoidally located haem-

oxygenase-1 regulates the vascular tone in cirrhotic rat liver. Liver Int. 29, 650—
660.

De Leeuw AM, Brouwer A & Knook DL (1990) Sinusoidal endothelial cells of the
liver: fine structure and function in relation to age. J. Electron Microsc. Tech. 14,
218-36.

Leibing T, Géraud C, Augustin I, Boutros M, Augustin HG, Okun JG, Langhans CD,
Zierow J, Wohlfeil SA, Olsavszky V, Schledzewski K, Goerdt S & Koch PS
(2018) Angiocrine Wnt signaling controls liver growth and metabolic maturation
in mice. Hepatology 68, 707-722.

Li R, Oteiza A, Serensen KK, McCourt P, Olsen R, Smedsrod B & Svistounov D
(2011) Role of liver sinusoidal endothelial cells and stabilins in elimination of
oxidized low-density lipoproteins. Am. J. Physiol. - Gastrointest. Liver Physiol.
300, G71-81.

Liao JK (2005) Clinical implications for statin pleiotropy. Curr. Opin. Lipidol. 16, 624—
629.

Liao JK (2002) Isoprenoids as mediators of the biological effects of statins. J. Clin.
Invest. 110, 285-8.

Licata A, Mazzola A, Ingrassia D, Calvaruso V, Camma C & Craxi A (2014) Clinical
implications of the hyperdynamic syndrome in cirrhosis. Eur. J. Intern. Med. 25,
795-802.



Liu S, Premont RT, Kontos CD, Zhu S & Rockey DC (2005) A crucial role for GRK2
in regulation of endothelial cell nitric oxide synthase function in portal
hypertension. Nat. Med. 11, 952-958.

Longo VD, Antebi A, Bartke A, Barzilai N, Brown-Borg HM, Caruso C, Curiel TJ, De
Cabo R, Franceschi C, Gems D, Ingram DK, Johnson TE, Kennedy BK, Kenyon
C, Klein S, Kopchick 1J, Lepperdinger G, Madeo F, Mirisola MG, Mitchell JR,
Passarino G, Rudolph KL, Sedivy JM, Shadel GS, Sinclair DA, Spindler SR, Suh
Y, Vijg J, Vinciguerra M & Fontana L (2015) Interventions to slow aging in
humans: Are we ready? Aging Cell 14, 497-510.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M & Kroemer G (2013) The hallmarks
of aging. Cell 153, 1194-1217.

Lopez-Talavera JC, Merrill WW & Groszmann RJ (1995) Tumor necrosis factor a: A
major contributor to the hyperdynamic circulation in prehepatic portal-
hypertensive rats. Gastroenterology 108, 761-767.

Maeso-Diaz R, Ortega-Ribera M, Fernandez-Iglesias A, Hide D, Mufoz L, Hessheimer
Al, Vila S, Francés R, Fondevila C, Albillos A, Peralta C, Bosch J, Tacke F,
Cogger VC & Gracia-Sancho J (2018) Effects of aging on liver microcirculatory
function and sinusoidal phenotype. Aging Cell 17, €12829.

Maher JJ (2001) Interactions between hepatic stellate cells and the immune system.
Semin. Liver Dis. 21, 417-426.

Mahrouf-Yorgov M, de I’Hortet AC, Cosson C, Slama A, Abdoun E, Guidotti J-E,
Fromenty B, Mitchell C & Gilgenkrantz H (2011) Increased Susceptibility to Liver
Fibrosis with Age Is Correlated with an Altered Inflammatory Response.
Rejuvenation Res. 14, 353-363.

Malnick S, Maor Y, Melzer E & Tal S (2014) Chronic hepatitis C in the aged: much
ado about nothing or nothing to do? Drugs Aging 31, 339-47.

Marcellin P & Kutala BK (2018) Liver diseases: A major, neglected global public
health problem requiring urgent actions and large-scale screening. Liver Int. 38, 2—
6.

March S, Hui EE, Underhill GH, Khetani S & Bhatia SN (2009) Microenvironmental
regulation of the sinusoidal endothelial cell phenotype in vitro. Hepatology 50,
920-928.

Marifio Z, Lens S, Gambato M & Forns X (2015) Advances in hepatitis C therapies.
Expert Opin. Pharmacother. 16, 1929—1943.

Marrone G, Maeso-Diaz R, Garcia-Cardena G, Abraldes JG, Garcia-Pagan JC, Bosch J
& Gracia-Sancho J (2015) KLF2 exerts antifibrotic and vasoprotective effects in
cirrhotic rat livers: Behind the molecular mechanisms of statins. Gut 64, 1434—
1443.

Marrone G, Russo L, Rosado E, Hide D, Garcia-Cardefia G, Garcia-Pagan JC, Bosch J
& Gracia-Sancho J (2013) The transcription factor KLF2 mediates hepatic
endothelial protection and paracrine endothelial-stellate cell deactivation induced
by statins. J. Hepatol. 58, 98—103.



Marrone G, Shah VH & Gracia-Sancho J (2016) Sinusoidal communication in liver
fibrosis and regeneration. J. Hepatol. 65, 608—617.

Matei V, Rodriguez-Vilarrupla A, Deulofeu R, Colomer D, Fernandez M, Bosch J &
Garcia-Pagan JC (2006) The eNOS cofactor tetrahydrobiopterin improves
endothelial dysfunction in livers of rats with CCl4 cirrhosis. Hepatology 44, 44—
52.

McCuskey RS (2008) The hepatic microvascular system in health and its response to
toxicants. Anat. Rec. 291, 661-671.

McCuskey RS & Reilly FD (1993) Hepatic microvasculature: Dynamic structure and its
regulation. Semin. Liver Dis. 13, 1-12.

McLean AJ, Cogger VC, Chong GC, Warren A, Markus AMA, Dahlstrom JE & Le
Couteur DG (2003) Age-related pseudocapillarization of the human liver. J.
Pathol. 200, 112-117.

McLean AJ & Le Couteur DG (2004) Aging Biology and Geriatric Clinical
Pharmacology. Pharmacol. Rev. 56, 163—184.

Mehal WZ, Iredale J & Friedman SL (2011) Scraping fibrosis: expressway to the core
of fibrosis. Nat. Publ. Gr. 17, 552-553.

Meireles CZ, Pasarin M, Lozano JJ, Garcia-Calder6 H, Gracia-Sancho J, Garcia-Pagan
JC, Bosch J & Abraldes JG (2017) Simvastatin attenuates liver injury in rodents
with biliary cirrhosis submitted to hemorrhage/resuscitation. Shock 47, 370-377.

Mitchell SJ, Scheibye-Knudsen M, Longo DL & de Cabo R (2015) Animal models of
aging research: implications for human aging and age-related diseases. Annu. Rev.
Anim. Biosci. 3, 283-303.

Miyao M, Kotani H, Ishida T, Kawai C, Manabe S, Abiru H & Tamaki K (2015)
Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression.
Lab. Investig. 95, 1130-1144.

Moctezuma-Velazquez C, Abraldes JG & Montano-Loza AJ (2018) The Use of Statins
in Patients With Chronic Liver Disease and Cirrhosis. Curr. Treat. Options
Gastroenterol. 16, 226-240.

Mohanty A, Tate JP & Garcia-Tsao G (2016) Statins Are Associated with a Decreased
Risk of Decompensation and Death in Veterans with Hepatitis C-Related
Compensated Cirrhosis. Gastroenterology 150, 430-440e1.

Moller S & Bendtsen F (2018) The pathophysiology of arterial vasodilatation and
hyperdynamic circulation in cirrhosis. Liver Int. 38, 570-580.

Moreau R (2005) VEGF-induced angiogenesis drives collateral circulation in portal
hypertension. J. Hepatol. 43, 6-8.

Mori T, Okanoue T, Kanaoka H, Sawa Y & Kashima K (1994) Experimental study of
the reversibility of sinusoidal capillarization. Alcohol Alcohol Suppl. 29, 67-74.

Mullhaupt B, Feren A, Fodor E & Jones A (1994) Liver expression of epidermal growth



factor RNA. Rapid increases in immediate-early phase of liver regeneration. J.
Biol. Chem. 269, 19667-70.

Munoz J, Albillos A, Pérez-Paramo M, Rossi I & Alvarez-Mon M (1999) Factors
mediating the hemodynamic effects of tumor necrosis factor-a in portal
hypertensive rats. Am. J. Physiol. - Gastrointest. Liver Physiol. 276, 39-3.

Naito M, Hasegawa G & Takahashi K (1997) Development, differentiation, and
maturation of kupffer cells. Microsc. Res. Tech. 39, 350-364.

Newby DE (2002) Hyperdynamic circulation in liver cirrhosis: not peripheral
vasodilatation but “splanchnic steal.” QJM 95, 827-830.

Nieto N (2006) Oxidative-stress and IL-6 mediate the fibrogenic effects of rodent
Kupfter cells on stellate cells. Hepatology 44, 1487-1501.

van Oosten M, van de Bilt E, de Vries HE, van Berkel TJC & Kuiper J (1995) Vascular
adhesion molecule-1 and intercellular adhesion molecule-1 expression on rat liver
cells after lipopolysaccharide administration in vivo. Hepatology 22, 1538—1546.

Oteiza A, Li R, McCuskey RS, Smedsred B & Serensen KK (2011) Effects of oxidized
low-density lipoproteins on the hepatic microvasculature. Am. J. Physiol. -
Gastrointest. Liver Physiol. 301, G684-93.

Pasarin M, La Mura V, Gracia-Sancho J, Garcia-Calder6 H, Rodriguez-Vilarrupla A,
Garcia-Pagan JC, Bosch J & Abraldes JG (2012) Sinusoidal endothelial
dysfunction precedes inflammation and fibrosis in a model of NAFLD. PLoS One
7,e32785.

Perri RE (2006) Defects in cGMP-PKG pathway contribute to impaired NO-dependent
responses in hepatic stellate cells upon activation. AJP Gastrointest. Liver Physiol.
290, G535-G542.

Pinzani M, Gentilini A, Caligiuri A, de Franco R, Pellegrini G, Milani S, Marra F &
Gentilini P (1995) Transforming growth factor-f1 regulates platelet-derived
growth factor receptor B subunit in human liver fat-storing cells. Hepatology 21,
232-239.

Pinzani M & Gentilini P (1999) Biology of Hepatic Stellate Cells and Their Possible
Relevance in the Pathogenesis of Portal Hypertension in Cirrhosis. Semin. Liver
Dis. 19, 397-410.

Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, Valla D & Rautou PE
(2017) Liver sinusoidal endothelial cells: Physiology and role in liver diseases. J.
Hepatol. 66,212-227.

Popper H (1986) Aging and the liver. Prog. Liver Dis. 8, 659—83.

Pose E, Napoleone L, Amin A, Campion D, Jimenez C, Piano S, Roux O, Uschner FE,
de Wit K, Zaccherini G, Alessandria C, Angeli P, Bernardi M, Beuers U, Caraceni
P, Durand F, Mookerjee RP, Trebicka J, Vargas V, Andrade RJ, Carol M, Pich J,
Ferrero J, Domenech G, Llopis M, Torres F, Kamath PS, Abraldes JG, Sola E &
Gines P (2019) Safety of two different doses of simvastatin plus rifaximin in
decompensated cirrhosis (LIVERHOPE-SAFETY): a randomised, double-blind,



placebo-controlled, phase 2 trial. lancet. Gastroenterol. Hepatol.

Poynard T, Ratziu V, Charlotte F, Goodman Z, McHutchison J & Albrecht J (2001)
Rates and risk factors of liver fibrosis progression in patients with chronic hepatitis
C. J. Hepatol. 34, 730-739.

Ramachandran P, Pellicoro A, Vernon MA, Boulter L, Aucott RL, Ali A, Hartland SN,
Snowdon VK, Cappon A, Gordon-Walker TT, Williams MJ, Dunbar DR, Manning
JR, van Rooijen N, Fallowfield JA, Forbes SJ & Iredale JP (2012) Differential Ly-
6C expression identifies the recruited macrophage phenotype, which orchestrates
the regression of murine liver fibrosis. Proc. Natl. Acad. Sci. U. S. A. 109, E3186-
95.

Ramirez T, Li YM, Yin S, Xu MJ, Feng D, Zhou Z, Zang M, Mukhopadhyay P, Varga
Z V., Pacher P, Gao B & Wang H (2017) Aging aggravates alcoholic liver injury
and fibrosis in mice by downregulating sirtuin 1 expression. J. Hepatol. 66, 601—
609.

Randall HB, Cao S & DeVera ME (2003) Transplantation in elderly patients. Arch.
Surg. 138, 1089-92.

Reagan-Shaw S, Nihal M & Ahmad N (2007) Dose translation from animal to human
studies revisited. FASEB J. 22, 659-661.

Reynaert H, Thompson MG, Thomas T & Geerts A (2002) Hepatic stellate cells: Role
in microcirculation and pathophysiology of portal hypertension. Gut 50, 571-581.

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

Rockey DC, Fouassier L, Chung JJ, Carayon A, Vallee P, Rey C & Housset C (1998)
Cellular localization of endothelin-1 and increased production in liver injury in the
rat: Potential for autocrine and paracrine effects on stellate cells. Hepatology 27,
472-480.

Rockey DC & Weisiger RA (1996) Endothelin induced contractility of stellate cells
from normal and cirrhotic rat liver: Implications for regulation of portal pressure
and resistance. Hepatology 24, 233-240.

Rodriguez S, Raurell I, Torres-Arauz M, Garcia-Lezana T, Genesca J & Martell M
(2017) A Nitric Oxide-Donating Statin Decreases Portal Pressure with a Better
Toxicity Profile than Conventional Statins in Cirrhotic Rats. Sci. Rep. 7, 1-12.

Ruart M, Chavarria L, Camprecios G, Suarez-Herrera N, Montironi C, Guixé-Muntet S,
Bosch J, Friedman SL, Garcia-Pagén JC & Hernandez-Gea V (2019) Impaired
endothelial autophagy promotes liver fibrosis by aggravating the oxidative stress
response during acute liver injury. J. Hepatol. 70, 458—469.

RW. Brauer (1963) Liver circulation and function. Physiol. Rev. 3, 115-213.

Sacerdoti D, Pesce P, Di Pascoli M, Brocco S, Cecchetto L & Bolognesi M (2015)
Arachidonic acid metabolites and endothelial dysfunction of portal hypertension.
Prostaglandins Other Lipid Mediat. 120, 80-90.



Sastre J, Pallardé F V, P14 R, Pellin A, Juan G, O’Connor JE, Estrela JM, Miquel J &
Vina J (1996) Aging of the liver: age-associated mitochondrial damage in intact
hepatocytes. Hepatology 24, 1199-205.

Scaglione S, Kliethermes S, Cao G, Shoham D, Durazo R, Luke A & Volk ML (2015)
The epidemiology of cirrhosis in the United States a population-based study. J.
Clin. Gastroenterol. 49, 690—696.

Schaffner F & Poper H (1963) Capillarization of hepatic sinusoids in man.
Gastroenterology 44, 239—-42.

Schattenberg JM, Nagel M, Kim YO, Kohl T, Worns MA, Zimmermann T, Schad A,
Longerich T, Schuppan D, He YW, Galle PR & Schuchmann M (2012) Increased
hepatic fibrosis and JNK2-dependent liver injury in mice exhibiting hepatocyte-
specific deletion of cFLIP. Am. J. Physiol. - Gastrointest. Liver Physiol. 303,
G498-506.

Schmidt-Arras D & Rose-John S (2016) IL-6 pathway in the liver: From
physiopathology to therapy. J. Hepatol. 64, 1403—1415.

Schmucker DL (2005) Age-related changes in liver structure and function: Implications
for disease? Exp. Gerontol. 40, 650—659.

Schmucker DL, Woodhouse KW, Wang RK, Wynne H, James OF, McManus M &
Kremers P (1990) Effects of age and gender on in vitro properties of human liver
microsomal monooxygenases. Clin. Pharmacol. Ther. 48, 365-374.

Seki E & Schwabe RF (2015) Hepatic inflammation and fibrosis: Functional links and
key pathways. Hepatology 61, 1066—1079.

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, 43—6.

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, 1222-1228.

Sharpless NE & DePinho RA (2004) Telomeres, stem cells, senescence, and cancer. J.
Clin. Invest. 113, 160-8.

Sheedfar F, Biase S Di, Koonen D & Vinciguerra M (2013) Liver diseases and aging:
Friends or foes? Aging Cell 12, 950-954.

Shibayama Y & Nakata K (1985) Localization of increased hepatic vascular resistance
in liver cirrhosis. Hepatology 5, 643—648.

Sirtori CR (2014) The pharmacology of statins. Pharmacol. Res. 88, 3—11.

Serensen KK, Simon-Santamaria J, McCuskey RS & Smedsred B (2015) Liver
sinusoidal endothelial cells. Compr. Physiol. 5, 1751-1774.

Stahl EC, Haschak MJ, Popovic B & Brown BN (2018) Macrophages in the Aging



Liver and Age-Related Liver Disease. Front. Immunol. 9, 1-13.

Steib CJ, Gerbes AL, Bystron M, op den Winkel M, Hértl J, Roggel F, Priifer T, Goke
B & Bilzer M (2007) Kupffer cell activation in normal and fibrotic livers increases
portal pressure via thromboxane A2. J. Hepatol. 47, 228-238.

Stine JG, Sateesh P & Lewis JH (2013) Drug-induced liver injury in the elderly. Curr.
Gastroenterol. Rep. 15, 299.

Tacke F (2017) Targeting hepatic macrophages to treat liver diseases. J. Hepatol. 66,
1300-1312.

Takahara T, Furui K, Funaki J, Nakayama Y, Itoh H, Miyabayashi C, Sato H, Seiki M,
Ooshima A & Watanabe A (1995) Increased expression of matrix
metalloproteinase-II in experimental liver fibrosis in rats. Hepatology 21, 787-95.

Thabut D, Le Calvez S, Thibault V, Massard J, Munteanu M, Di Martino V, Ratziu V &
Poynard T (2006) Hepatitis C in 6,865 patients 65 yr or older: A severe and
neglected curable diseas? Am. J. Gastroenterol. 101, 1260—1267.

Thomson AW & Knolle PA (2010) Antigen-presenting cell function in the tolerogenic
liver environment. Nat. Rev. Immunol. 10, 753-766.

Tietz NW, Shuey DF & Wekstein DR (1992) Laboratory values in fit aging individuals
- Sexagenarians through centenarians. Clin. Chem. 38, 1167-1185.

Timchenko NA (2009) Aging and liver regeneration. Trends Endocrinol. Metab. 20,
171-176.

Timchenko NA, Wilde M, Kosai KI, Heydari A, Bilyeu TA, Finegold MJ, Mohamedali
K, Richardson A & Darlington GJ (1998) Regenerating livers of old rats contain
high levels of C/EBPalpha that correlate with altered expression of cell cycle
associated proteins. Nucleic Acids Res. 26, 3293-9.

Torre C, Perret C & Colnot S (2011) Transcription dynamics in a physiological process:
B-Catenin signaling directs liver metabolic zonation. Int. J. Biochem. Cell Biol. 43,
271-278.

Trebicka J, Hennenberg M, Laleman W, Shelest N, Biecker E, Schepke M, Nevens F,
Sauerbruch T & Heller J (2007) Atorvastatin lowers portal pressure in cirrhotic rats
by inhibition of RhoA/Rho-kinase and activation of endothelial nitric oxide
synthase. Hepatology 46, 242-253.

Trebicka J, Hennenberg M, Odenthal M, Shir K, Klein S, Granzow M, Vogt A, Dienes
HP, Lammert F, Reichen J, Heller J & Sauerbruch T (2010) Atorvastatin attenuates
hepatic fibrosis in rats after bile duct ligation via decreased turnover of hepatic
stellate cells. J. Hepatol. 53, 702—712.

Trefts E, Gannon M & Wasserman DH (2017) The liver. Curr. Biol. 27, R1147-R1151.
Treyer A & Miisch A (2013) Hepatocyte polarity. Compr. Physiol. 3, 243-87.

Tripathi DM, Vilaseca M, Lafoz E, Garcia-Caldero H, Haute GV, Fernandez-Iglesias A,
de Oliveira JR, Garcia-Pagan JC, Bosch J & Gracia-Sancho J (2018) Simvastatin



Prevents Progression of Acute on Chronic Liver Failure in Rats With Cirrhosis and
Portal Hypertension. Gastroenterology 155, 1564—1577.

Troeger JS, Mederacke I, Gwak GY, Dapito DH, Mu X, Hsu CC, Pradere JP, Friedman
RA & Schwabe RF (2012) Deactivation of hepatic stellate cells during liver
fibrosis resolution in mice. Gastroenterology 143, 1073—1083.

Tsochatzis EA, Bosch J & Burroughs AK (2014) Liver cirrhosis. Lancet 383, 1749—
1761.

Tsuchida T & Friedman SL (2017) Mechanisms of hepatic stellate cell activation. Nat.
Rev. Gastroenterol. Hepatol. 14,397-411.

Uchio K, Tuchweber B, Manabe N, Gabbiani G, Rosenbaum J & Desmouli¢re A (2002)
Cellular retinol-binding protein-1 expression and modulation during in vivo and in
vitro myofibroblastic differentation of rat hepatic stellate cells and portal
fibrablasts. Lab. Investig. 82, 619-628.

Uddin F (2017) The 2018 Ageing Report EUROPEAN ECONOMY Underlying
Assumptions & Projection Methodologies.

Uehara T, Ainslie GR, Kutanzi K, Pogribny IP, Muskhelishvili L, Izawa T, Yamate J,
Kosyk O, Shymonyak S, Bradford BU, Boorman GA, Bataller R & Rusyn I (2013)
Molecular mechanisms of fibrosis-associated promotion of liver carcinogenesis.
Toxicol. Sci. 132, 53—-63.

Vilaseca M, Guixé-Muntet S, Fernandez-Iglesias A & Gracia-Sancho J (2018)
Advances in therapeutic options for portal hypertension. Therap. Adv.
Gastroenterol. 11, 1-19.

Vollmar B & Menger MD (2009) The Hepatic Microcirculation: Mechanistic
Contributions and Therapeutic Targets in Liver Injury and Repair. Physiol. Rev.
89, 1269-1339.

Vollmar B, Pradarutti S, Richter S & Menger MD (2002) In vivo quantification of
ageing changes in the rat liver from early juvenile to senescent life. Liver 22, 330—
341.

Wakabayashi H, Nishiyama Y, Ushiyama T, Maeba T & Maeta H (2002) Evaluation of
the Effect of Age on Functioning Hepatocyte Mass and Liver Blood Flow Using
Liver Scintigraphy in Preoperative Estimations for Surgical Patients: Comparison
with CT Volumetry. J. Surg. Res. 106, 246-253.

Wake K (1971) “Sternzellen” in the liver: Perisinusoidal cells with special reference to
storage of vitamin A. Am. J. Anat. 132, 429-461.

Warren A, Bertolino P, Cogger VC, McLean AJ, Fraser R & Le Couteur DG (2005)
Hepatic pseudocapillarization in aged mice. Exp. Gerontol. 40, 807—812.

Wiest R & Groszmann RJ (2002) The paradox of nitric oxide in cirrhosis and portal
hypertension: Too much, not enough. Hepatology 35, 478-491.

Wiest R, Shah V, Sessa WC & Groszmann RJ (1999) NO overproduction by eNOS
precedes hyperdynamic splanchnic circulation in portal hypertensive rats. Am. J.



Physiol. 276, G1043—-G1051.

Wisse E (1970) An electron microscopic study of the fenestrated endothelial lining of
rat liver sinusoids. J. Ultrasructure Res. 31, 125-150.

Wisse E, Braet F, Luo D, De Zanger R, Jans D, Crabbé E & Vermoesen A (1996)
Structure and function of sinusoidal lining cells in the liver. Toxicol. Pathol. 24,
100-111.

Wisse E, de Zanger RB, Charels K, van der Smissen P & McCuskey RS (1985) The
liver sieve: Considerations concerning the structure and function of endothelial
fenestrae, the sinusoidal wall and the space of disse. Hepatology 5, 683—692.

Wauestefeld T, Klein C, Streetz KL, Betz U, Lauber J, Buer J, Manns MP, Miiller W &
Trautwein C (2003) Interleukin-6/glycoprotein 130-dependent pathways are
protective during liver regeneration. J. Biol. Chem. 278, 11281-11288.

Wynne HA, Cope LH, Mutch E, Rawlins MD, Woodhouse KW & James OF (1989)
The effect of age upon liver volume and apparent liver blood flow in healthy man.
Hepatology 9, 297-301.

Xie G, Choi SS, Syn W-K, Michelotti GA, Swiderska M, Karaca G, Chan IS, Chen Y &
Diehl AM (2013) Hedgehog signalling regulates liver sinusoidal endothelial cell
capillarisation. Gut 62, 299-3009.

Xie G, Wang X, Wang L, Wang L, Atkinson RD, Kanel GC, Gaarde WA & DeLeve
LD (2012) Role of differentiation of liver sinusoidal endothelial cells in
progression and regression of hepatic fibrosis in rats. Gastroenterology 142, 918-
927.¢6.

Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, George J &
Bugianesi E (2018) Global burden of NAFLD and NASH: Trends, predictions, risk
factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 15, 11-20.

Zafra C, Abraldes JG, Turnes J, Berzigotti A, Fernandez M, Garcia-Pagéan JC, Rodés J
& Bosch J (2004) Simvastatin Enhances Hepatic Nitric Oxide Production and

Decreases the Hepatic Vascular Tone in Patients with Cirrhosis. Gastroenterology
126, 749-755.

Zhao L, Jin Y, Donahue K, Tsui M, Fish M, Logan CY, Wang B & Nusse R (2019)
Tissue Repair in the Mouse Liver Following Acute Carbon Tetrachloride Depends
on Injury-Induced Wnt/B-Catenin Signaling. Hepatology 69, 2623-2635.

Zoli M, Magalotti D, Bianchi G, Gueli C, Orlandini C, Grimaldi M & Marchesini G
(1999) Total and functional hepatic blood flow decrease in parallel with ageing.
Age Ageing 28, 29-33.



Page 160 - Bibliography



Other publications



Page 162 - Other publications



Other publications

Study 3:

ISCHEMIA/REPERFUSION INJURY IN THE AGED LIVER: THE IMPORTANCE OF THE
SINUSOIDAL ENDOTHELIUM IN DEVELOPING THERAPEUTIC STRATEGIES FOR THE
ELDERLY.

Diana Hide, Alessandra Warren, Anabel Fernandez-Iglesias, Raquel Maeso-Diaz, Carmen Peralta,

David G. Le Couteur, Jaime Bosch, Victoria C. Cogger and Jordi Gracia-Sancho.

J Gerontol A Biol Sci Med Sci. 2019 Jan 14. doi: 10.1093/gerona/glz012.

Study 4:

NEW RAT MODEL OF ADVANCED NASH MIMICKING PATHOPHYSIOLOGICAL
FEATURES AND TRANSCRIPTOMIC SIGNATURE OF THE HUMAN DISEASE.

Raquel Maeso-Diaz, Zoe Boyer-Diaz, Juan José Lozano, Marti Ortega-Ribera, Carmen Peralta,

Jaime Bosch and Jordi Gracia-Sancho.

Cells. 2019 Sep 10;8(9). pii: E1062. doi: 10.3390/cells8091062.



Page 164 - Other publications









UNIVERSITAT e
BARCELONA

Barcelona 2019



	RMD_COVER
	Raquel Maeso Díaz Thesis FINA optL

