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Introduction

1. Hepatic fibrosis and cirrhosis.

Definition and characteristics

Hepatic cirrhosis is an end-stage consequence of chronic damage to the liver in
coordination with the accumulation of extracellular matrix (ECM) proteins, which leads
to fibrogenesis and ultimately to hepatic function alteration. The outcome of severe
cirrhosis is the development of major complications such as portal hypertension,
ascites, variceal bleeding, renal and liver failure, liver cancer and ultimately death
(Anthony et al., 1977; Bataller and Brenner, 2005).

According to a study performed by the Ministerio de Sanidad y Consumo (see
refs), in our country, hepatic cirrhosis has an 11/100.000 inhabitants death rate every
year. Worldwide, around 27.000 people die from this disease in the developed
countries (Anderson et al., 2003).

Liver diseases have different etiologies depending on the source of the damage,
the main causes are chronic hepatitis B and C infection (HBV, HCV), followed by
alcoholic liver disease, non-alcoholic fatty liver disease (NAFLD) and cholestasis.

The early diagnosis of the liver disease is complicated, as approximately a 40 %
of the patients remain asymptomatic for 15-20 years before major complications
appear. Asymptomatic patients are in a state known as compensated fibrosis. The
cease of the source of hepatic damage can lead to fibrosis regression, although it
depends on the underlying cause of the disease and its severity. When a patient
develops any of the major complications the status of the disease changes from
compensated to decompensated cirrhosis. In this situation, there is a bad prognosis
associated with short survival and the only effective therapy is liver transplantation. In
several clinical settings, cirrhotic patients can develop acute episodes that lead to an
alarming fast development from fibrosis to cirrhosis in a short period of time. It’s the
case of acute alcoholic hepatitis, subfulminant hepatitis and fibrosing cholestasis in
HCV reinfection after liver transplantation. The development of cirrhosis is also a major

risk factor for developing hepatocellular carcinoma.
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Aside from the etiology of the disease, damage to the liver can be classified as
acute or chronic. The acute damage triggers inflammatory stimuli but ECM
accumulation is limited, while the chronic damage is characterized by a sustained

inflammatory response with the consequence of continuous pro-inflammatory
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Figure 1. Cirrhotic liver architecture. Detail of the liver lobule. Image modified from Wolters
Kluwer Health, 2007 (poster).

cytokine and chemokine release and important ECM accumulation. This chronic
damage leads to the disruption of the liver architecture forming a fibrous scar and the
subsequent formation of regenerative nodules that characterize cirrhosis (Figure 1).
Liver fibrosis is a wound-healing process that responds to a wide variety of
stimuli. Excessive ECM proteins deposition of proteoglycans, glycoproteins and

specially collagens accumulate in the liver tissue. Hepatic stellate cells (HSC) are the
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main cellular type involved in the fibrogenic process, they undergo activation,
transdifferentiate into  myofibroblastic—like cells, proliferate and release
proinflammatory and profibrogenic factors that perpetuate fibrosis (Marra, 1999).
Activated HSC migrate and accumulate replacing slowly the parenchyma with fibrotic
tissue. Other cell types also take part in the fibrogenesis process. Hepatocytes are
targeted by most hepatotoxic agents and trigger the release of reactive oxygen species
(ROS) and the recruitment of macrophages to the injured site. Apoptosis of
hepatocytes also stimulate profibrogenic actions of myofibroblasts and Kupffer cells
are the major source of TGFP. Fibrogenesis is a vicious circle where liver and
inflammatory cells stimulate each other leading slowly to the progression of the liver
disease (Henderson and Iredale, 2007).

Treatments for liver diseases are directed against the agent that cause the
damage and palliate the consequent complications. For viral hepatitis, the treatment is
based on a combination of pegilated-interferon (a lymphocyte stimulator) and ribavirin
(an antiviral agent). Liver diseases have in common water retention, for this reason,
doctors encourage patients to reduce sodium intake within the diet and to take
diuretics. Also, alcohol consumption is not recommended for any patient suffering a
liver disease. TIPS (transjugular intrahepatic portosystemic shunt) has proven
successful in patients with portal hypertension and hepatorenal syndrome. Patients
that develop ascites are treated with profilaxis with antibiotics to prevent infection
with spontaneous bacterial peritonitis (SBP). Paracentesis is also used to drain
abdominal liquid in cases of severe ascites, and also diuretics. Nowadays, ascites
formation has become less common in cirrhotic patients thanks to the advances in
early diagnosis tools. Nevertheless, the only option for advanced cirrhosis up to date is
liver transplantation with a 75% of survival rate after 5 years. Unfortunately, patients
suffering from HCV recidivism develop chronic hepatitis again few years later. Spain is
the leading country in liver transplantations with a 6% of intervention of the total
worldwide count. However, the organ availability is not always possible, for this reason

there is a strong need for research for new effective therapeutics targets.
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Intrahepatic alterations and its complications

Inflammation, fibrosis and angiogenesis

The first response of the liver to damage regardless its source is inflammation.
Liver cells release inflammatory mediators that stimulate recruitment of more
inflammatory cells such as TGF3, TNFa, IL1, IL6, IL8 or MCP1, genes involved in cell
proliferation and fibrogenesis such as PDGF or VEGF with angiogenic properties. Liver
cells also release reactive oxygen species (ROS) and cytokines that induce parenchymal
cell apoptosis (Pinzani and Marra, 2001). Sustained inflammatory stimuli perpetuate
fibrosis and lead to cirrhosis and its complications. Another key component in a
chronic damaged liver is the renin-angiotensin system (RAS). Angiotensin Il (All) is the
main effector of this system, as it is responsible for many profibrogenic effects on HSCs
and together with endothelin 1 (ET1) are the most important vasoconstrictors
implicated in cirrhosis. Pharmacologic treatment or gene therapy targeting RAS
components have proved to attenuate experimental fibrosis (Moreno and Bataller,
2008). It has also been demonstrated that angiogenesis plays an important part in
cirrhosis. Angiogenesis in the liver is a compensatory reaction to the lack of oxygen to
the cells present where the inflammation is occurring. Many studies have proved that
there is an increase in vascular formation in the liver as well as the splanchnic area
(Tugues et al., 2007).

All these intrahepatic alterations lead to major physiological complications that
characterize liver diseases. The most common alterations that occur in liver cirrhosis
are portal hypertension, ascites formation, renal failure, variceal bleeding and hepatic
encephalopathy. Thanks to the animal models, the study of most of these
complications has been possible. The CCl, inhalation animal model in rats (Jiménez et

al., 1992) allowed studying portal hypertension and ascites in our laboratory.

Hemodynamics deregulation

Portal pressure is a clinical syndrome characterized by a pathological increase in
portal venous pressure above normal values of 5 mmHg. This phenomenon induces the
formation of an extensive network of portosystemic collaterals that divert the blood

flow to the systemic circulation bypassing the liver (Bosch et al., 1992). This process is
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called portosystemic shunting. The portal pressure gradient (PPG) is the difference

between the portal pressure (PP) and the inferior vena cava pressure (IVC):

PPG= PP-IVC

and is determined by the product of portal blood flow and the vascular resistance that

opposes that flow. This hemodynamic principle is explained by Ohm’s law equation:

PPG=QxR

where Q is the total portal venous blood flow, and R is the sum of the vascular
resistance that exerts the portal venous system, the collateral veins and the liver.

The PPG is considered clinically significant when the hepatic venous gradient
(HVG) surpasses 10-12 mmHg. This syndrome is responsible for other major
complications such as variceal bleeding, ascites and hepatorenal syndrome among
others. Patients with advanced cirrhosis have chronic portal hypertension, and with
values above 12 mmHg there is a high risk of variceal bleeding. The hemodynamic
balance is maintained by vasoconstrictor substances like ET1, All, noradrenalin and
ADH (antidiuretic hormone) and vasodilators such as nitric oxide (NO). Hepatic damage
prompts an increase of vasoconstrictors and a decrease of NO, mainly due to the
decrease of regulators of the signaling pathway of eNOS (endothelial NO synthase)
such as Akt (Morales-Ruiz et al., 2003).

Edema and ascites

Ascites is the most common complication of cirrhosis and is associated with
increased risks of infections, renal failure and poor quality of life in general. Ascites
appears due to increased intrahepatic resistance to portal blood flow and gradually
causes portal hypertension, collateral vein formation and shunting of the blood to the
systemic circulation (Ginés et al., 2004) The production of local vasodilators such as NO
increases when portal hypertension develops, leading to splanchnic vasodilation. In
advanced cirrhosis, due to the pronounced splanchnic arterial vasodilation, the arterial
blood volume decreases considerably and as a consequence there is a marked fall of
the arterial pressure. As a consequence, vasoconstrictor and antinatriuretic factors are

in charge of maintaining the arterial pressure, which causes sodium and fluid



Introduction

retention. The intestinal capillary pressure and permeability are also altered, and fluid
accumulation in the abdominal cavity also takes place. As the disease progresses, renal
excretion is impaired and there is also renal vasoconstriction leading to more
complications such as dilutional hyponatremia and hepatorenal syndrome. The
presence of ascites is associated with poor long-term survival, therefore it is important
to identify if the patient has infections such as SBP or impaired renal or circulatory
functions. Patients with those complications are given priority for liver transplantation.
In recent years, the management of ascites has improved considerably. Patients
receive guidelines to palliate the symptoms, such as reduction of the sodium intake
through a low sodium diet, diuretics intake (although sometimes the patients do not
respond) or restrict the fluid intake in cases of dilutional hyponatremia. Patients with a
large volume of ascites require paracentesis (a fast and effective method) together
with the administration of diuretics as a maintenance therapy. The removal of a large
volume of ascites (more than 5 liters) can produce a derangement in the circulatory
function, therefore, the administration of a plasma expander such as albumin is

needed.

Fibrosis degree assessment

During the past decade, research has been focused on the development of new

techniques to provide better and more accurate diagnosis of the liver disease. There is
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Figure 2. Fibrosis degree assessment. Modified figure from Friedman, 2010.
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a great interest in providing early diagnosis to patients in order to start possible
treatments as early as possible. Usual proceedings include invasive methods such as
liver biopsy, or non-invasive methods such as blood sampling and measurement of
typical liver damage parameters like alanine aminotransferase (ALT), aspartate
aminotansferase (AST), platelet count or prothrombine time. In the last years, imaging
techniques have been largely improved and included in the inspection routines. Last
but not least, basic research on liver diseases has been focused on finding new non-
invasive molecular markers of liver fibrosis and cirrhosis. Figure 2 illustrates the

different possibilities for fibrosis degree assessment.

Liver Biopsy

Liver biopsy (LB) is considered the gold standard method for the diagnosis of liver
fibrosis. Histological examination is used to identify the underlying cause of the liver
disease and it is also is important in order to classify the biopsies into different staging
groups. In 1981, Knodell at al. described a semiquantitative staging method based on
four features: periportal necrosis with or without bridging necrosis, parenchymal
injury, portal inflammation and fibrosis. The combination of all four provides the total
histology activity index (HAI) ranging from 0-22. The first three consider the
necroinflammatory grade of the disease, while the fourth considers the staging of
fibrosis. Liver fibrosis is classified as 0 = absent, 1-2 = mild, 3-4 = moderate and 5-6
=severe/cirrhosis. The Metavir score is specifically used for evaluating chronic hepatitis
C. It includes two separate scores, one measures the necroinflammatory activity (A)
and the second the fibrosis stage (F). The score values range from 0-4, being 0 no
inflammation or no fibrosis and 4 the most severe grade of inflammation or cirrhosis
(Baranova et al., 2011). Other important and widely used scores are MELD and Child-
Pugh. However, they are more focused on assessing the required treatment, severity
and prognosis of the end-stage liver disease more than assessing the fibrosis stage.
MELD score uses patient’s values of total bilirubin, serum creatinine and the
prothrombin time and Child-Pugh includes all mentioned together with ascitis and
hepatic encephalopathy (Farnsworth et al., 2004). Forns score, like Child-Pugh, also
combines clinical, hematologic and biochemical variables. In this case the age of the

patient, y-glutamyl transpeptidase (GGT) values, platelet count and cholesterol are
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considered (Forns et al.,, 2002). The authors described the score as accurate to
discriminate patients with hepatitis C without significant liver fibrosis in order to avoid
LB. Figure 3 shows a graphic representation of cirrhosis progression and a typical

classification of the different stages depending on the Metavir score.

HVPG: >5 =10 =12 220
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Figure 3.Cirrhosis progression. Original figure from Friedman, 2008.

However, LB carries important disadvantages, the most evident is that it is an
invasive method and as any other surgery carries risks, about 0,3-0,5% of the patients
present some complications while a 40% at least feels slight pain or discomfort
(Bataller and Brenner, 2005). Follow-up studies for fibrosis progression relying on LB
are risky and the cost is high, and there is also the possibility of a sampling error during
the biopsy. LB is not an objective method, there exists an intra-inter observer error
during histology assessment (Bedossa, 1994). Fibrosis is the most important factor in
prognosis of the progression of the liver disease, but LB cannot predict the
progression, and that is considered as the greatest limitation of this method. However,
in almost all cases HCV patients must undergo LB before the initiation of the antiviral
treatment and often as a follow up to evaluate the results of the therapy (Perrillo,
1997). Despite being still considered for some patients, the aim of researchers and
clinicians is to find a non-invasive method capable of predicting fibrosis progression,
study its regression or the response to antiviral treatments. Other methods such as
hepatic venous gradient pressure (HVPG) have outperformed LB at identifying patients

with HCV recurrence (Perrillo, 1997).

Ultrasound and imaging-based techniques
Non-invasive evaluation of liver fibrosis has been in the spotlight for many years.

Back in 2003, Sandrin et al. described a new method based on one-dimensional (1-D)
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transient elastography (TE) to measure liver stiffness or elasticity using ultrasound (5
MHz) and low frequency elastic waves (50 Hz). The propagation speed is directly
related to elasticity, the stiffer the liver, the more severe the hepatic fibrosis. The
device used is known as Fibroscan. The result is expressed in kilopascals (kPa) and is
obtained after 10 pulse-echo acquisitions that measure the speed of the waves. This
method is non-invasive, painless, rapid, objective and less costly than the biopsy. It has
proved to be successful in a wide range of chronic liver disorders, including chronic
hepatitis C, patients with ascites, biliary fibrosis, NAFLD and NASH (Corpechot et al.,
2006; Yoneda et al., 2008; Hirooka et al., 2011). However, it also presents some
limitations. It has been proved to be unreliable in 25% of obese patients due to
abdominal fat (Friedrich-Rust et al., 2010). To overcome this limitation, a different type
of probe was developed, the Fibroscan XL probe.

Magnetic resonance elastography (MRE) is also a novel method used to measure
liver stiffness. In addition, it also measures spleen stiffness, which has been observed
to be more closely correlated with portal pressure. A negative remark is that it is more
expensive and time consuming and it is only used as an additional tool (Berzigotti et
al., 2011).

The next commented methods are not used to assess tissue stiffness but other
parameters involved in the liver disease, the ultrasonography (US), abdominal
computed tomographic scan (CT-scan) and magnetic resonance (MRI). US-Doppler is
used to assess causes of portal hypertension different than cirrhosis, such as portal or
hepatic vein thrombosis, it is also very sensitive in diagnosing ascites and is useful as a
non-invasive method for follow-up of TIPS. CT-scan and MRI allow an accurate
visualization of the liver parenchyma and the portal venous system (Berzigotti et al.,

2011).

Serum markers

There was an urgent need to develop surrogate markers of liver fibrosis other
than LB to assess the extent of fibrosis, or alternatively use serum markers in
combination with a single biopsy to follow up the progression of the disease. The aim
of serum fibrosis markers is to differentiate efficiently between different stages of

fibrosis: mild, moderate, severe and cirrhosis. Serological markers can be classified as
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direct or class | and indirect or class Il. Indirect biomarkers include several blood
parameters measured by simple laboratory tests such as AST, AST/ALT ratio, platelet
count, prothrombine time, cholesterol, gamma globulin, GGT or bilirubin. All those
parameters have been reported to be significant predictors of fibrosis/cirrhosis but in a
lesser extent of fibrogenesis/fibrolysis. Indirect markers measure liver fibrosis by multi-
parameter combinations or scores selected by statistical models and mathematical
algorithms. An example of an indirect fibrosis biomarker score is APRI (aspartate
transaminase to platelet ratio index) (Wai et al., 2003). Progression of liver fibrosis may
reduce AST clearance, resulting in an increased serum levels, on the contrary, platelet
count is inversely proportional to the progression of the disease due to portal
hypertension worsening. APRI was influenced by sex as males have higher values of
AST than women (Toniutto et al., 2007). Another example is Fibrotest, which combines
5 blood test components (a2-macroglobulin, haptoglobin, apolipoprotein Al, GGT and
total bilirubin). In this case, AST, which has been proved to have poor sensitivity for
fibrosis assessment, is not included (Imbert-Bismut et al., 2001). In a recent study,
Fibrotest has been validated to be as efficient as a LB when assessing fibrosis transition
rates and its risk factors (Ponyard et al., 2012). There are more than 20 described
scores based on indirect fibrosis markers used for the diagnosis of the liver disease,
however not all have been deeply studied or validated for all etiologies.

Some variables can be altered after liver transplantation due to other causes not
related to fibrosis, in those cases direct markers are more indicated to identify patients
with rapid fibrosis progression (Punpapong et al., 2008). Direct biomarkers mainly
include secretion products of activated HSCs, portal myofibroblasts, matrix
components such as collagen fragments and split products, ECM—-related enzymes or
mediators of ECM turnover. The fibrogenesis process triggers the release of these
components to the bloodstream. ECM components can be classified into collagens
(type I and Il are the most predominant in the liver, and with a lesser amount type IV
and V), non-collagenous glycoproteins (fibronectin, laminin and elastin are the most
abundant), proteoglycans (heparan, dermatan and chondroitin sulfates) and the
polysaccharide hyluronan or hyaluronic acid (HA).

HA is widely distributed in the extracellular matrix. In the liver, it is synthesized

and secreted by fat-storing cells (HSCs) and degraded by sinusoidal endothelial cells
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(Gressner and Bachem, 1990). There were several studies in the mid 80’s and 90’s that
described HA as a good serum marker of fibrosis progression for different types of liver
disease such as alcoholic cirrhosis, primary biliary cirrhosis, viral hepatitis and non-
alcoholic fatty liver disease (Frébourg et al., 1986; Guéchot et al., 1995, 1995b; Suzuki
et al., 2005).

Markers linked to the matrix components derived from the procollagen and
collagen have also been studied as possible biomarkers of fibrosis, such as the
aminoterminal propeptide of type Ill procollagen (PIIINP) or the procollagen type |
carboxy terminal peptide (PICP). PHIINP is the N-terminal cleavage product of
procollagen Il into collagen lll and one of the major components of the connective
tissue. PIIINP levels are higher during fibrogenesis followed by an increase in its serum
levels (Guéchot et al., 1996). PICP did not prove to be a good liver fibrosis marker, as it
was only elevated in 50% of the patients with advanced chronic hepatitis C and was
normal in patients with mild fibrosis (Jarcuska et al., 2010; Baranova et al. 2011).

Some limitations of these direct serum markers have appeared, both HA and
PIIINP are poorly correlated with liver inflammation and necrosis and they are not
disease specific, because increase of those products have also been reported in
rheumatoid arthritis, pancreatitis or lung fibrosis among others (Gressner et al., 2007).

Glycoprotein YKL-40 (chondrex, molecular mass 40 Kda) is a growth factor for
fibroblasts and endothelial cells, which has been found to be strongly expressed in liver
tissue. Several studies have detected elevated concentrations of this glicoprotein in
the serum of patients with different etiologies and have showed a direct correlation
with the rate of progression of fibrosis (Kamal et al., 2006; Tran et al. 2000). YKL40
serum levels paralleled those of TGFB in this same study. The combination of YKL-40
and HA was able to predict short to medium term risk of hepatic fibrosis progression
following liver transplantation in patients with HCV (Punpapong et al., 2008).

TGFB is a key profibrogenic cytokine involved in tissue growth, differentiation,
ECM production and immune response. There are many studies that analyze TGFB1 as
a possible biomarker as it is found in high levels in serum and the concentrations are
correlated with the hepatic dysfunction such as AST and ALT levels (Flisiak et al., 2000).

Matrix metalloproteinases (MMPs) and their inhibitors, tissue inhibitors of matrix

metalloproteinases (TIMPs) regulate collagen formation and degradation. These
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proteases have also been found to be significant when assessing fibrosis as their
expression correlates with hepatic collagen turnover (Walsh et al., 1999; Boeker et al.,
2002; Leroy et al. 2004).

Scores combining direct markers have also emerged in the last few years. ELF
score (Enhanced Liver Fibrosis), developed by Rosenberg at al., have demonstrated
that the combination of three direct biomarkers (PIIINP, HA and TIMP1) is efficient to
identify patients with advanced fibrosis and cirrhosis. They examined the distribution
of the algorithm scores through different stages of fibrosis to determine the
correlation between the scores and the severity of the disease measured by histology.
Their algorithm can be used in a wide range of liver fibrosis diseases to distinguish
patients with mild or no fibrosis from those with clinically significant fibrosis.
(Rosenberg et al., 2004).

Some more limitations of direct biomarkers have aroused. There is a tendency to
find those biomarkers elevated in association with a high inflammatory activity,
consequently, some cases of extensive matrix deposition may be overlooked due to
low inflammation. They are not liver specific and also, serum markers levels depend on
the clearance rates, influenced by the dysfunction of endothelial cells or renal function

(Baranova et al. 2011).

Proteomics-derived biomarkers

New techniques based on mass spectrometry (MS) have emerged in the recent
years. MS technology, thanks to its high sensibility, makes possible a deep analysis of
the proteome and offers the possibility to describe new potential biomarkers. In the
liver disease field, there is a high interest in the research of non-invasive biomarkers
accurate enough to discern between the different fibrosis stages. A MS consists of
three basic components:

- An ion source: the sample is fractioned into analytes and ionized. The most
common used techniques are MALDI (matrix-assisted laser desorption/ionization) and
ESI (electrospray ionization).

- A mass analyzer: the samples are separated by the mass-to-charge ratio.

Depending also on the MS instrument, there are four different types of analyzers: TOF
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(time of flight), ion trap, quadrupole and FTICR (Fourier transform ion cyclotron
resonance).

- An ion detector.

Different combinations of the ion source and mass analyzer are possible, ESl-ion
trap, ESI-Q/TOF, MALDI-TOF are the most common. Figure 4 shows a general diagram
of a MS. In general, the sample is loaded, ionized and fragmented normally at the
peptide bond site in the mass analyzer. The charged particles are separated according
to their mass-to-charge by and electric or magnetic fields. A software transforms the
results into a mass spectrum graph that represents the obtained mass-to charge ratio
of the peptides and some instruments, in addition, make possible the determination of
the aminoacid sequence. The last step requires the use of bioinformatics tools to
classify the significantly obtained peaks with a decision tree classification (Bozdayi et

al., 2012; Guerrera and Kleiner, 2005).

lightest-.

heater to vapourise sample

electron beam ionises  charged particle beam .
sample / z+
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electron based on mass/charge ratio
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particles accelerated into
magnetic field

Figure 4. Mass spectrometer. Modified figure from Organic Chemistry 4e. Francis
A. Carey, Mc Graw Hill.

2. The fibrogenesis process

Hepatic stellate cells

The hepatic stellate cells (HSC) were described by Kupffer in 1876 and referred
to as “sternzellen”, star cells, thanks to a method based on gold chloride that was able
to identify vitamin A droplets. Almost a century later, Ito described them as “fat

storing cells” as and named them “Ito cells” (Ito, 1951), years later, other investigators



Introduction

proposed the name of “lipocytes”. Finally, Wake revalidated Kupffer’s experiment in
1971 (Wake, 1971). In 1996 there was a consensus to standardize the name to
“hepatic stellate cells”. Indeed, HSC are vitamin A droplet storing cells (retinoid) with

an unquestionable role in liver fibrosis and repair. Their similarities with fibroblasts

Figure 5. The hepatic stellate cell. Arrows indicate HSC position in the Disse space. Original figure from Friedman,
2008.

arose a lot of interest and many studies were conducted to deepen the knowledge
about their function. HSC are located in the Disse space, between the basolateral
surface of hepatocytes and the anti-luminal side of sinusoidal endothelial cells and

they comprise a 15% of the total cell population in a normal liver (Figure 5A,5B).

HSC functions

In addition to the role of HSC in fibrogenesis, there is growing evidence that
these enigmatic cells have other multiple functions. As shown on Figure 6, HSC are
important immunoregulators during the initial phases of fibrosis. Activated cells
release chemokines, such as monocyte chemotactic peptide (MCP-1), CCL21 or RANTES
among others providing the ability to amplify the inflammatory response by
stimulating the infiltration of blood cells into the tissue. HSCs can also function as
antigen presenting cells stimulating lymphocyte proliferation or apoptosis and also by
interacting with lymphocyte subsets including natural killer cells (NK), which function
as cleaners of activated HSCs, but also CD4 and CD8 lymphocytes (Friedman, 2008,
2010).
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Figure 6. Immunoregulation by HSC. Original figure from Friedman, 2008.

CD8 T cells have more fibrogenic properties than CD4, which explains the
increased rate of fibrosis in patients with HIV co-infection, where the CD4/CD8 ratio is
reduced. Kupffer cells express toll-like receptors (TLRs), but surprisingly HSCs too,
which means they can respond to pathogen-associated molecular patterns (PAMPs)
clearly inducing its inflammatory phenotype. In particular, the expression of TLR4 and
the bacterial lipopolysaccharide (LPS) receptor complex components CD14 and MD2
entail that HSCs interact with LPS inducing the expression of more chemokines (Paik et
al., 2003). Phagocitosis of apoptotic bodies that result from apoptotic hepatocytes is
also another known function carried out by HSCs. Those apoptotic bodies serve as
activation stimuli of HSCs (Canbay et al., 2004).

As a result of all those functions, HSCs secrete a wide broad of substances and
membrane receptors. Among those substances, the most remarkable are:

- Lipids: prostaglandins and leukotrienes.

- Growth factors: comprises a large group of factors like epidermal growth

factor (EGF), hepatocyte growth factor (HGF), fibroblast growth factor (FGF),
transforming growth factor-a (TGFa), insulin growth factor | and 1l (IGF), the
most potent stellate cell mitogen platelet derived growth factor -A and —B
(PDGF) together with its receptor PDGFRp, vascular endothelial growth factor

(VEGF) and its receptor and connective tissue growth factor (CTGF).
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- Chemokines: MCP-1 and platelet activating factor (PAF), RANTES, C-X-C
chemokine ligand 1 (CXCL1).

- Cytokines: the pro-inflammatory IL6, or the anti-inflammatory IL10, and the
most important cytokine, TGFp together with the receptor TGFBR1.

- Adhesion molecules: ICAM-1 and VCAM-1.

- Vasoactive factors: endothelin-1 (ET-1) a potent vasoconstrictor, its receptors

ETa and ETp and its physiological antagonist, nitric oxide (NO).

- Matrix components: ECM turnover proteins, such as collagens,

metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases
(TIMPs).

- Membrane receptors: and finally integrins and cannabinoid receptors (CB1

and CB2)

HSC activation

Stellate cell activation is a key event in fibrogenesis. The activation of these
cells refers to a phenotypic change from a quiescent vitamin A-rich cells to activated
myofibroblast-like proliferating, fibrogenic and contractile cells. Upon activation, HSC
lose the characteristic vitamin A droplets and instead, express desmin, an intermediate
filament typical of contractile cells and a-SMA, typical of vascular smooth muscle cells
and myofibroblasts. Both have been widely studied and are consolidated markers of
HSC activation in rodents. Induction of a-SMA is the most reliable HSC marker also in
human cultured cells because it is absent in any other resident liver cell but vascular
smooth muscle cells. A study demonstrated that the activation of HSC is also linked to
a switch from E- to N-cadherin typical from endothelial cells (Lim et al., 2007). This
finding suggests that HSC undergo epithelial to mesenchymal transition (Sicklick et al.,
2006).

The source of the damage is diverse, leukocyte infiltration is the main trigger of
HSC activation, but in metabolic diseases such as hemochromatosis infiltration of
inflammatory cells is absent. Reactive oxygen species (ROS) are generated from lipid
peroxidation, or from the induction of cytochrome P450 2E1 in hepatocytes in ASH or
NASH. Ethanol, polyunsaturated fatty acids and iron also enhance the production of

ROS.
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Apoptosis of parenchymal cells is both a consequence and an important
stimulus of activation of HSC. Stellate cells phagocyte the apoptotic bodies increasing
NAPH oxidase (Zhan et al., 2006).

As previously mentioned, the release of immunomodulators by HSC induce an
important inflammation response that enhances fibrogenesis from early stages.

Resident stellate cells are
0’% not the only cell types that
Q@d contribute to the population of
Stellate cell \ S
myofibroblast-like cells increase

Activated > ™ and accumulation. Other cells also

Myofibroblast

0 |||| take part in response to liver injury

Portal fibroblast (Figure 7) Fibrocytes are

Hepatocytes

&ohctanuigentes fibroblasts that can originate from

Figure 7. Sources of myofibroblasts in the liver. Original figure

from Friedman. 2008. perfipheral blood (seen in lung

fibrosis) or bone marrow cells.
These cells migrate in response to chemokines secreted upon liver injury. There are
some studies that proposed that circulating fibrocytes also might derive from bone
marrow cells and contribute in small numbers to the collagen-producing cells in the
liver (Kisseleva et al., 2006). Epithelial cells (EC) contribute to the myofibroblast
population via epithelial-to-mesenchymal transition. Damaged epithelial/endothelial
barrier lead to vascular thickening, tissue hypoxia and decrease in NO. EC also produce
TGFp and contributes to the recruitment of neutrophils from the blood vessels into the
damaged tissue and macrophages phagocyte apoptotic bodies from apoptosing EC
(Sicklick et al., 2006). In cholestatic liver injury, the most important source over HSC
are portal fibroblasts with the ability to induce a-SMA expression and secretion of
MCP-1 (Beaussier et al., 2007).

HSC activation consists of two main phases: initiation and perpetuation. A third
phase that should not be overlooked is resolution of fibrosis, which might occur if the
source of the damage subsides (see Figure 8).

- Initiation, or proinflammatory state is characterized by early changes in gene
expression and phenotype of stellate cells with the active participation of all

neighboring cells (Kupffer cells, sinusoidal endothelial cells and hepatocytes). Upon
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liver tissue injury, cells surrounding stellate cells segregate paracrine stimuli that
promote their activation. The molecular mechanisms underlying HSC activation point
to TGFf as the most important profibrogenic cytokine responsible for the stimulation
of many genes involved in inflammation or ECM turnover. New collagen formation will
change the ECM composition from type IV to type | and lll, and the upregulation of
both MMPs and TIMPs will lead to ECM disregulation. NFKB upregulation promotes
HSC survival, therefore, increasing fibrosis.

- Perpetuation is characterized by the behavioral change in activated stellate
cells and myofibroblast-like cells with the end point of increasing the accumulation of
ECM. This stage comprises a complex orchestra of different events that occur

simultaneously:
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Figure 8. Hepatic stellate cell activation. Original figure from Friedman, 2008.

1) Proliferation: the most immediate and potent mitogenic factor released
upon liver injury is PDGF together with its receptor PDGFRP. Not only HSCs, but also
Kupffer cells release this factor. The downstream cascade activates ERK, PI3-kinase
among others, and activate Na*/H* exchange channels. Other proliferating factors such

as VEGF, thrombin and its receptor, EGF, FGF are also upregulated in this phase. With
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all this stimuli, myofibroblast cells increase its numbers substantially compared to a
normal liver.

2) Chemotaxis: chemoattractant chemokines are secreted to promote HSC
migration towards the site of injury. PDGF also has chemotactic properties, as well as
MCP-1, which induce macrophage infiltration to the tissue increasing the inflammatory
response.

3) Fibrogenesis: if liver damage is sustained, HSC start to produce matrix
components that lead to the characteristic liver stiffness of advanced cirrhosis. In this
phase, the most important inducer of collagen synthesis is TGFf3 (Gressner et al.,
2002), secreted by the same HSC and surrounding cells. The TFGP cascade include
Smad proteins, which translocate into the nucleus and promote the transcription of
other TFGP target genes. The response of Smads differs between chronic or acute
damage (Inagaki and Okazaki, 2007; Breitkopf et al., 2006), moreover, TGFf also
induces matrix formation by stimulating the production of collagens (Pinzani and
Marra, 2001). Hepatocytes undergoing oxidative stress release profibrogenic factors
for HSC (Svegliati Baroni et al., 1998). CTGF is another important fibrogenic factor
regulated by TGFp.

4) Contractility: contractility of stellate cells is the main cause of the increased
portal resistance in the liver. Activated HSCs express contractile filaments including o-
SMA and myosin. HSC are mainly located where collagenous bands develop and
prevent normal blood flow by constricting sinusoids and in general, by contracting the
whole liver. Calcium takes a major role in contraction, but the increase of ET-1 and the
physiological antagonist, NO, decrease are the most important regulations of the
contractibility of the liver. Other vasoactive factors such as All, eicosanoids, atrial
natriuretic peptide, somatostatin or carbon monoxide are also involved.

5) Matrix degradation: fibrosis is the result of an unbalance between matrix

formation and degradation. Disruption of the balance of the normal liver leads to
matrix accumulation. Collagen mRNA is highly upregulated, and collagen type IV is
rapidly replaced by collagen type | and type Il (Lindquist et al., 2000; Tsukada et al.,
2006). HSCs secrete some of the MMPs important for the initial phases of fibrogenesis,
such as MMP13, but other cells also contribute to their synthesis. MMPs inhibitors, the

TIMPs, are highly upregulated repressing MMPs matrix degradation and taking the
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balance to a net accumulation of ECM. TIMP1 has also an anti-apoptotic role towards
HSC, participating in the increase of HSC population (Murphy et al., 2002).

6) Retinoid loss: one of the most characteristic phenotypic changes is the loss of
retinoid droplets when HSC activate, but it is not completely clear if it is a requirement
for the activation.

- Resolution or reversion of fibrosis occurs if the source of damage is ceased.
This process is correlated with the decrease in TFGB and other pro-inflammatory
cytokines as well as ECM production, increased collagenase activity and decrease of
myofibroblasts (Iredale et al., 1998). During reversion of fibrosis, myofibroblasts
undergo apoptosis and senescence (lredale et al., 1998; Krizhanovsky et al., 2008), but
there is also a portion of those cells that escape cell death. A recent study evidences

that a reversion from myofibroblasts to a similar quiescent HSC phenotype takes place
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Figure 9. Fibrosis regression. Modified figure from Friedman, 2008.
(Kisseleva et al., 2012). Kupffer cells produce Caspase-9 and TRAIL (tumor necrosis
factor—related apoptosis inducing ligand) which promote HSC apoptosis (Fischer et al.,
2002). Increased collagenase activity is also an important step in fibrosis resolution.
Kupffer cells also secrete MMP13 and MMP9, which degrade the collagen fibers and at
the same time, TIMPs are downregulated (Fallowfield et al., 2007; Fisher et al., 2002).
Figure 9 summarizes the progression process and illustrates the explained reversion

steps. However, full recovery of the original architecture of the liver is not
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accomplished in advanced fibrosis /cirrhosis stages, which is often referred as a “point

of no return”.

3. Key target genes

Key genes involved in fibrogenesis are potential therapeutic targets, for this reason, in
the last years many studies have aimed
at modulating the expression of those

genes. The most relevant genes in this

work are the ones represented on
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PDGF

PDGF is the most potent mitogen and second most potent cytokine after TGFf
involved in liver fibrogenesis and HSC activation. PDGF family consists of PDGF-A,
PDGF-B, PDGF-C and PDGF-D, and their receptors PDGFRa and PDGFRf. PDGF is
secreted as homo- or heterodimers (PDGF-AA, -BB and —AB). Receptor affinity varies
between the isoforms, PDGF-A and —C bind specifically to Ra,, PDGF-B binds to both Ra
and RB and PDGF-D binds only to Rf3 (Bonner, 2004). Following liver damage, quiescent
HSC activate into myofibroblast-like cells, and express PDGFRP and PDGF to stimulate
autocrine growth, chemotaxis and loss of retinoids. It is also known that TGFp
increases the mitogenic effect of PDGF-BB, but not —AA, due to the upregulation of
PDGFRP (Pinzani et al., 1995 and Bissell et al., 1995). In normal liver, PDGFRs
expression is almost undetectable, however, after damage type f receptor is markedly

upregulated, suggesting that PDGF-B is the main isoform involved during HSC



Introduction

activation. In a more recenty study, PDGF-D also showed mitogenic and profibrogenic
effects on HSC (Borkham-Kamphrost et al., 2007). Many studies have reported TGFf as
the main regulator of PDGFRB in HSC, but also TGFB released from other cells
contribute to PDGF upregulation (Bissell et al., 1995). The main signaling pathway for
PDGF is ERK/MAPK.

TGF

TGFf is the most important cytokine that promotes wound-healing and repair.
Overexpression of TGFf in rodents has proved to increase fibrosis in many organs
(Bataller and Brenner, 2005). Kupffer cells are the major source of TFGf, which induces
apoptosis of hepatocytes and at the same time activates HSC resulting in collagen
synthesis. Before its complete activation, TGF undergoes posttranslational
modifications. At first, it is secreted as a non-active preform and remains inactive while
associated with LAP (latency associated peptide) and LTBP (latent TGFf binding
protein) and is activated by binding either to thromposponding-1 (TSP-1) or to avp6
integrin. TSP-1 is a glycoprotein implicated in cell adhesion, angiogenesis and
remodeling of the ECM, and avp6 integrin is a matrix receptor in epithelial cells, and
macrophages, and mediate cell adhesion, migration and connect all cytoskeletal
proteins to the ECM. Other proteases such as plasmin or MMP2, 9 can also activate
TFGP.

TFG canonical signaling is mediated by Smad proteins, R-Smad (Smad 1-2-3-5-
8), co-Smad (Smad 4) and inhibitory Smads (Smad 6-7). Smad 3 is known to be critical
for hepatic fibrogenesis as well as fibrosis in other tissues. The complex Smad 3/4
translocate to the nucleus and initiate the transcription of target genes. CTGF is a
recognized stimulator of TGFf as it increases the affinity to the receptor TGFBRIl and
antagonizes Smad 7. Hepatocyte growth factor (HGF) is produced in response to
elevated TGFf and functions as a negative regulator by inhibiting Smad translocation
to the nucleus. HGF is anti-fibrogenic, anti-inflammatory, pro-regenerative and inhibits
myofibroblast differentiation. However, TGFf also inhibits HGF, and with high levels of

TGFp during HSC activation, HGF is rather repressed.
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Aside from MCP1 and MIP, TGFf is also a potent chemoattractant of

macrophages.

MMPs and TIMPs

In healthy livers, ECM formation and degradation is perfectly balanced. The
enzymes responsible for the correct homeostasis of the ECM are the matrix

metalloproteinases (MMPs) and their
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The main cell type expressing MMPs are HSCs, myofibroblasts and Kupffer cells.
These enzymes have a complex regulation. Aside from TIMPs, they are also regulated
by different mechanisms at transcription level (by cytokines such as IL1a, TGFf or
TNFa,) by activation and cleavage of the proenzyme to an active form or by the action
of endogenous proteinase inhibitors, such as a2 macroglobulins produced by
hepatocytes (Cawston and Mercer, 1986; Visse and Nagase, 2003). The MMPs itself
can be the responsible for other proMMP’s activation, such as MMP3 or MMP2 in
absence of TIMP2 (Knauper et al., 2002). The MMP family, with 23 different members
described in humans, is able to degrade a wide broad of collagenous and non-
collagenous substrates. They are classified into six groups according to their main

substrate, sequence similarity and domain organization:
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Gelatinases: MMP?2 (gelatinase A) and MMP9 (gelatinase B).

Collagenases: MMP1 in humans and MMP13 in rodents, MMP8 and MMP18
in Xenopus.

Stromelysins: MMP3 (stromelysin 1) and MMP10 (stromelysin 10).
Matrilysins: MMP7 (matrilysin 1) and MMP26 (matrilysin 2).

Metalloelastase: MMP12.

Membrane-Type MMPs: six members compose this group, transmembrane-

type | MMPs characterized by a C-terminal transmembrane domain (MMP14
or MT1-MMP, MMP15 or MT2-MMP, MMP16 or MT3-MMP and MMP24 or
MT5-MMP) and the ones anchored to glycosyl phosphatidyl inositol in the
surface of the cells (MMP17 or MT4-MMP and MMP25 or MT6-MMP).

Other MMPs: there are few MMPs that are not classified in the above
groups. MMP19 (important in rheumatoid arthritis), MMP20 (relevant for
tooth formation), MMP22 (unknown action), MMP23 (expressed in

reproductive tissues) and MMP28 (expressed in keratinocytes). MMP21 is

expressed in Xenophus and MMP27 in Gallus.

MMP expression shows a dynamic expression during liver fibrogenesis. Figure

12 shows a schematic graph of the expression timings of MMPs and TIMPs during

fibrogenesis.
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1999). TGFp is known to repress

the expression of MMP1, but interestingly not MMP13. In progressive liver fibrosis,

MMP1/MMP13 is not significantly upregulated as fibrosis develops (Benyon et al.,
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1996) in turn their direct inhibitor, TIMP1, is highly expressed. Several studies have
reported that there is an enhanced MMP13 mRNA expression during resolution of
CCls-induced liver fibrosis (Watanabe et al., 2000) and that MMP13 knockout mice
showed a delay in resolution of liver fibrosis (Fallowfield et al., 2007). In this same
study, the authors also observed that the main cellular source of MMP13 was scar-
associated macrophages, and not any other liver cells.

MMP2 expression, together with MMP14, increases soon after HSC activation
and is sustained during liver injury. MMP2 is specifically expressed and secreted by
HSC. The activation of this metalloproteinase is particular as it takes place on the
membrane and is mediated by a complex comprised of MMP2-MMP14 and TIMP2.
Both MMP2 and MMP14 mRNA expression has shown a steady increase associated
with the progression from mild to advanced cirrhosis (Zhou et al., 2004).

MMP9 has been more related to tissue inflammation than to the degree of
fibrosis (Lichtinghagen et al., 2001). MMP9, produced mainly by Kupffer cells, is
activated by MMP3 and is an important factor during the initial phase of HSC
activation. Contradictory data exists about the expression levels of MMP9 in more
advanced stages of fibrosis progression. Some studies have reported that MMP9 is
elevated after an acute damage (Knittel et al., 2000), but not after a chronic liver injury
induced by CCls (Zhou et al.,, 2004). It has also been reported that MMP9 has an
important role in reversion of fibrosis (Jiao et al., 2012).

MMP3 plays an important role activating other MMPs, and at the same time,
can itself be activated by other proteases. This means that inflammation is an
important trigger initiating the MMPs cascade. MMP3’s most important substrate is
laminin. This metalloproteinase has not been found to be relevant to assess fibrolysis
in liver diseases, however it seems to be more valuable for alcoholic liver disease.
Sinusoid and peri-sinusoidal areas are rich in laminin, and it has been found that during
alcohol liver disease there are important pathological changes in those areas (Xu et al.,
2004).

So far, only four TIMPs have been described: TIMP1, TIMP2, TIMP3 and TIMP4.
TIMPs bind to MMPs through N terminal domain. There is a difference regarding the
bond strength between a TIMP and a particular MMP. For instance, TIMP1 is specific
for MMP9, while TIMP2 inhibits mainly MMP2. Each of them can interact with other
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MMPs with less strength, there is only one exception, TIMP1 is unable to inhibit
MMP14, MMP15 and MMP24. TIMPs are expressed by many cell types, and often are
co-secreted with MMPs. TIMP1 is produced by activated HSC, as well as Kupffer cells
and hepatocytes. Transcription is mainly regulated by TFGB, which in turn inhibits
MMP1 and MMP3 promoting the net accumulation of collagen. TIMP1, aside from
inhibiting the degradation of newly formed collagen fibrils by MMPs, also is able to
prevent the activation of pro-MMPs. Moreover, it has also been associated with other
fibrotic diseases such as lung, kidney or pancreas. TIMP1 has been found to be
strickingly upregulted in patients with HCV and HIV co-infection, suggesting that aside
from being upregulated during fibrogenic processes, is also upregulated by
inflammation (Mastroianni et al., 2002). In patients with HCV chronic liver disease,
serum and mRNA levels of TIMP1 are correlated with the grade o fibrosis (Yata et al.,
1999).

TIMP2 is expressed by HSC, Kupffer cells and myofibroblasts, but not in
hepatocytes. Chronic liver damage induces a minor peak that lasts the first two days,
but during chronic injury no significant increase was observed (Figure 12). In mice,
TIMP2 is essential for MMP2 activation (Wang et al., 2000). In contrast to TIMP1,
TIMP2 is inhibited by TFGB.

TIMP3 has proapoptotic activity, in contrast to TIMP1 and 2, which are
antiapoptotic (Guedez et al, 1998).

Last, TIMP4 is found in brain, heart, ovary and skeletal muscle. Little is known

about this inhibitor in general and in the liver, no activity has been reported to date.

Collagens

Studies about collagen implication in the fibrosis processes started in the late
50’s. Collagen deposition in fibrosis is the main cause of the changes in the
architecture of the tissue leading to stiffness of the organ and its consequences.
Researchers and clinicians have always been aware of the importance of expanding the
knowledge about collagen formation and the importance of its degradation necessary

for the resolution of the disease (Du et al., 1999).
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In the liver, collagen type |, Il and IV are the most abundant ECM components
and are dramatically up regulated upon chronic liver damage. HSC, myofibroblasts and
portal fibroblasts are the main source of procollagen mRNA expression. Several studies
have confirmed that the expression of the different types of collagen has different

timings. In vitro studies by Knittel et al. showed that upon HSC activation, there is a
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Figure 13. Dynamic changes of procollagen |, Il and IV.
Modified figure from Du et al., 1999.

different activation stage for each collagen type at both RNA and protein level. In
freshly isolated HSC, the main collagen expressed is type IV, while collagen | is hardly
detected. After a few days in culture, collagen | and Il were highly upregulated while
type IV declined (Du et al., 1999) (Figure 13).

The collagen fibers are located in the liver capsule, mesenchymal cells in portal
areas and the walls of blood vessels (smooth muscle cells and endothelial cells of

central veins).

4. The endocannabinoid system

General characteristics

Cannabis has been widely used as a psychoactive substance since ancient times
and with medicinal purposes until the end of the 30’s. The dangers of its abuse lead to
many countries to prohibit the use of Marijuana as a therapy. In the last decades, the
interest in these substances has stirred up once more with the description of the
molecular structure of A°-tetrahydrocannabinol (THC), the main psychoactive
ingredient of Marijuana (Gaoni and Mechoulam, 1964). Endocannabinoids are lipid

molecules derived from arachidonic acid involved in a wide variety of physiological
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functions including, food intake, energy balance, pain, neuromodulation,
cardiovascular homeostasis, immune and inflammatory responses and cell
proliferation (Pacher et al., 2006; Reichenbach et al., 2010; Tam et al., 2011). The most
studied endogenous cannabinoids are anandamide (Arachidonoyl ethanolamide, AEA)
and 2-Arachidonoyl glycerol (2-AG). Several other endocannabinoids have also been
described, N-Arachidonoyl dopamine (NADA), noladin ether (2-Arachidonoyl glycerol
ether, 2-AGE) and virodhamine (O-Arachidonoyl ethanolamine, OAE). For
Oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) no known receptors have
been described yet. All endogenous cannabinoids are eicosanoids and are not stored in
the cells, they are synthetized on demand (Witting et al., 2004).

The effects of the endocannabinoids are mediated through two G protein-
coupled receptors (GPCR), cannabinoid receptor 1 (CB1) and cannabinoid receptor 2
(CB2) (Figure 14). CB1 was first described by Matsuda et al. in 1990. It was found
widely expressed in brain and in much lower concentrations in other peripheral tissues

and cells (testis, spleen cells, leukocytes). CB2, the second cannabinoid receptor

g e e i ,
\\;\&@\ ‘.° "W

MAPKKK @
| P
MAPKK
maPK  QERKIZD|C_ K
MAPK cascades : cell survival/death decision
Gene expression |

Figure 14. Cannabinoid receptors signaling pathways. Original figure from Bosier et al., 2010.
described (Munro et al., 1993), is mainly expressed in the immune system cells and
peripheral tissues, but also in lower concentrations in the brain. CB1 and CB2 share
only a 44% of their protein sequence and a 68% in the 7-transmembrane domains.
Cannabinoid receptor signaling is rather complex. As G coupled-receptors, they inhibit

adenylate cyclase activity (AC in the figure) with the consequent reduction of CAMP as
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seen in experiments where pertussis toxin was able to reverse this effect (Howlett et
al., 1986), they also inhibit different types of Ca®* channels and stimulate certain K*
channels. Cannabinoids can also activate the signaling pathway of MAP kinases,
including p44/42 MAP kinase, p38 kinase and JUN-terminal kinase and
phosphatidylinositol-3-kinase pathway. Other pathways independent of G proteins
have also been described for cannabinoids. CB2 transduces signals through the same
pathways as CB1 with the exception of Ca**and K* channels. AEA also interacts with
the transient receptor potential vanilloid type 1 (TRPV1) that belongs to a large family
of ion channels (Starowicz et al., 2007). Some studies have found evidence of another
possible CB receptor, (Hajos et al., 2001) however further studies are needed to
strengthen this hypothesis. GPR55, is an orphan receptor that has shown to be
involved with the endocannabinoid system as it is able to recognize some
endocannabinoid ligands and GPR119 has been reported to interact with OEA (Baker
et al., 2006; Overton et al., 2006; Brown, 2007).

The endocanabinoid degradation is mediated by two enzymes, fatty acid amide
hydrolase (FAAH) is responsible for the degradation of AEA (Glaser et al., 2003), while
monoacyl glycerol liapse (MGL) degrades 2-AG (Saario et al., 2004).

The great interest in getting a better understanding on the mechanism of
action of the endocannabinoid system have led investigators to develop synthetic

agonists and antagonists (Table 1).

Table 1. Synthetic cannabinoid receptor agonists and antagonists. Adapted from Patcher et al., 2006.

CB1 selective CB2 selective
Agonists Antagonists Agonists Antagonists
*R-(+)-methanandamide *SR1441716 *JWHO015 *SR144528
*Arachydonoyl 2’ - *AM251 *JWH133 *AM630
choloroethylamide (ACEA) *AM281 *AM1241
*0-1812 *LY320135 *HU308
*2- Arachydonoyl glycerol ether




Introduction

Hepatic fibrosis and endocannabinoids

The first studies reporting endocannabinoid implication in liver diseases where
published in 2001 by Garcia et al. The study revealed that AEA had a role in systemic
and portal hemodynamics. Few years later, Siegmund et al., observed that AEA was
able to induce apoptosis of HSC in vitro, proposing AEA as a possible antifibrogenic
therapy. The same year, Julien et al. carried out the first study with clear results of CB2
receptors implication in liver disease. The group demonstrated that CB2 had an
antifibrogenic role in liver fibrosis triggering growth inhibition and apoptosis of non-
parenquimal cells. CB2 knockout mice where found to develop liver fibrosis after CCl,-
induced liver damage compared to wild type animals. In the same study, the analysis
of human liver biopsies from various etiologies by immunohistochemistry showed that
CB2 is not expressed in normal livers, but it is present in cirrhotic livers in non-
parenchymal cells and in fibrotic septa. In culture, activated HSC and myofibroblasts
presented high expression levels of this receptor, but not in non-activated and
parenquimal cells. Thanks to those findings, CB2 has emerged as a possible antifibrotic
target for future possible therapies.

In our laboratory, Mufioz et al. treated cirrhotic rats with ascites with a
selective CB2 agonist (JWH133) for 9 days. We observed that the stimulation of CB2
receptors improved the systemic hemodynamics, decreased the number of infiltrating
cells, reduced the number of activated HSC (measured by the amount of a-SMA),
increased apoptosis of non-parenchymal cells and significantly decreased fibrosis
compared to vehicle rats.

Further studies regarding CB2 receptors role in the liver, aside from their
implication in fibrogenesis associated with chronic liver diseases, revealed they were
also involved in ischaemia/reperfusion (I/R)-induced liver injury and hepatic
encephalopathy-associated with acute liver failure. CB2 receptors limit liver injury
induced by I/R (Batkai et al., 2007; Rajesh et al., 2007) by reducing cell infiltration,
reduced lipid peroxidation and expression of proinflammatory cytokines and
chemokines. In addition, KO mice for the CB2 receptor where more susceptible to
damage after I/R. CB2 also seem to play a role in hepatic encephalopathy. In the

animal model of fulminant liver failure induced by tioacetamide, CB2 and 2-AG brain
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levels where increased. The administration of different CB ligands including THC, HU-
308, 2-AG or Rimonabant improved neurological dysfunction. Dagon et al., attributed
this CB2 effect to the stimulation of brain AMP-activated kinase, a key regulator in
energy balance and cognitive function.

A recent study by Teixeira-Clerc et al., added a new role of CB2 to the list as a
key factor during liver regeneration using a model of partial hepatectomy in mice. KO
mice for CB2 receptors had a delayed liver regeneration rate compared to wild type
animals. The treatment of wild type mice with the CB2 agonist JWH-133 reduced liver
injury and increased liver regeneration.

In parallel, many other investigators studied the role of CB1 receptors and
interestingly, the effect was the opposite of the CB2 receptors, the stimulation of CB1
during liver fibrosis exerted a profibrogenic role (Teixiera-Clerc et al., 2006). The
antagonism of CB1 receptor was able to attenuate liver damage induced in different
rodent animal models of liver disease.

CB1 is the main effector of THC in brain, for this reason many studies were
conducted at this level and a potent antagonist known as Rimonabant (SR141716A)
(Rinaldi-Carmona et al., 1994), was developed and commercialized for human use to
treat obesity. Soon after its commercialization, the drug was removed from the market
in some countries due to an increase in depression and suicide rate in those patients
(Christensen et al., 2007). This fact arose controversies for the use of CB1 antagonists
as therapeutics, due to the possibility of side effects of the drug on the brain. Despite
that, many studies have been conducted in rodent model animals testing the efficiency
of blocking CB1. In a recent study by Giannone et al., the treatment of cirrhotic rats
with established ascites with Rimonabant, was associated with a liver fibrosis
decrease. Moreover, CB1 receptor stimulation decreased iNOS and ET1 expression,
proinflammatory cytokines such as PDGF and TGFf, as well as ECM turnover genes
expression, as seen when analyzing TIMP1, MMP2, MMP9 and MMP13 expression.
This demonstrated that the reversal of advanced fibrosis is also possible with the
pharmacological antagonism of CB1 receptors, despite of the possible brain side
effects.

Further study of CB2 involvement in liver fibrosis seems to be more appealing

as it is unlikely that CB2 will cause side effects as CB1. However, as the stimulation of
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CB1 receptors has proved to be a good antifibrogenic strategy, more research on CB1
antagonists that does not cross the blood-brain barrier could also open more

possibilities to new antifibrogenic treatments (Wu et al., 2011).

Inflammation and endocannabinoids

CB2 receptors are highly expressed in the cells from the immune system, for
this reason, there has been a great interest in unraveling the role of the
endocannabinoid system regarding the immune regulation. Investigators were not
disappointed with the findings, as CB2 has proved to be a key component and a potent
regulator of immune responses. The cells from the immune system express 10 to 100
times more CB2 than CB1 receptor (Galieque et al., 1995). Among all immune cells,
CB2 expression varies from the highest to the lowest as follows: B cells > NK cells >
macrophages > polymorphonuclear cells > CD4 T cells > CD8 T cells. CB2 plays a role
regulating immunity through in cell migration, proliferation and different effector
functions of various immune cells. AEA is poorly expressed outside the brain, in
contrast, 2-AG is detected in many peripheral tissues. Therefore, 2-AG is considered
the main CB2 receptor ligand (Sugiura and Waku, 2002).

The endocannabinoid system is capable of inducing immune suppression, this
fact arose great interest in these molecules as a possible treatment and many
synthetic cannabinoids have been used on clinical trials (Klein, 2005). In vitro migration
assays have shown that 2-AG was able to induce migration of different cell types such
as monocytes, neutrophils and eosinophils among others, this effect was reverted
when the cells were treated with the CB2 antagonist SR144528 (Rinaldi-Carmona et al.,
1998). However the migration effect was not the same when using synthetic
cannabinoids, in that case, they inhibited cell migration. There is a similar situation
regarding cell proliferation, some studies support that endocannabinoids promote cell
proliferation while others have observed the opposite effect. Although it is not
completely clear, seems like CB2-dependent mechanisms induce apoptosis of the
immune cells. On the contrary, several studies support the evidence that CB2 inhibit

cytokine production.
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CB2 receptors have also a role in inflammatory and autoimmune diseases,
arthritis, inflammatory bowel disease, nervous tissue inflammation and vascular

inflammation (cardiovascular disease and atherosclerosis).

Hemodynamic dysfunction and endocannabinoids

Several studies investigating the cardiovascular dysfunction in advanced liver disease
demonstrated the implication of the endocannabinoid system. A study from our
laboratory by Ros et al. demonstrated that the administration of the selective CB1
antagonist, SR141716A, increased arterial pressure and total peripheral resistance in
cirrhotic rats with ascites, and that this effect probably mediated by circulating blood
cells acting via CB1 receptors. Batkai et al., in a parallel study, also observed that the
CB1 receptor blockade in bile-duct ligated rats and CCls-induced cirrhotic rats
normalized blood pressure, reduced portal hypertension and mesenteric blood flow.
AEA is increased in cirrhotic patients and in experimental cirrhosis produced

hypotension and mesenterial arteriolar vasodilation.

Neurological and metabolic disorders and the endocannabinoid system

One of the major complications in liver cirrhosis is hepatic encephalopathy. The
patients with advanced cirrhosis may present neurological disorders associated with
an acute or chronic liver failure. There are some studies that sought to investigate the
implication of the endocannabinoid system in this pathology. Mice treated with
tioacetamide (TAA) develop an acute fulminant liver failure, and the administration of
a CB2 agonist or a CB1 antagonist improved the neurological score, activity and
cognitive functions (Avraham et al., 2006). Another interesting finding from the same
group was that endocannabinoids regulate AMP-activated kinase, a major intracellular

energy sensor involved in the compensatory response to liver failure.
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5. The apelin system

General characteristics of apelin and APJ

Apelin is a peptide that was described and isolated in 1998 by Tatemoto et al. It
is the only known ligand to date of the orphan angiotensin-like receptor receptor 1
(AGTRL-1), later renamed as APJ. Apelin received the name after APJ endogenous
ligand, the mature form of apelin consists of 36 aminoacids, apelin-36, but two more
isoforms have been described, apelin-13 and apelin-17, with 13 and 17 aminoacids,
respectively. The smaller the isoform, the better affinity for the receptor it presents
(Hosoya et al. 2000). The common precursor, preproapelin, was cloned in human cells
as well as in other animal species (Brindle et al., 2006; Tatemoto et al., 2001).

APJ is a 7-transmembrane G coupled protein-receptor. There is a 31%
homology with the angiotensin receptor 1 (AT1), but angiotensin does not bind APJ.
The primary structure is conserved between human, bovine, rat and mouse, suggesting
a highly conserved sequence in evolution (Tatemoto et al. 1998). However, there
might exist functional differences between species, as APJ is highly expressed in rat
lungs, but not in humans (Habata et al., 1999; Edinger et al., 1998).

The transcriptional regulation of the apelin seems to be modulated by cytokine
release associated with phospho-stat3 (Han et al., 2008). In adipocytes, it is
upregulated by the co-activator PPARy co-activator lalpha (PGC-lalpha) (Mazzucotelli
et al., 2008) and TNFa (Daviaud et al., 2006) and under hypoxic conditions it is
regulated by the hypoxia inducible factor 1a (HIF1a) (Ronkainen et al., 2007; Eyries et
al. 2008). A very recent publication added some new information on apelin. Bone
morphogenic protein seems to downregulate apelin expression in endothelial and
vascular cells (Poirier et al., 2012). The transcriptional regulation of APJ, on the other
hand, is still not completely understood.

Apelin and APJ are widely expressed in peripheral tissues of adult and embryo
(Figure 15). In rodents, the highest levels were found in heart and lungs, and in lower
levels in skeletal muscle, brain, kidney and ovary. In all these tissues, the specific
localization was in the vascular and endothelial cells. (Medhurst et al., 2003; Horiuchi

et al., 2003; Scott et al., 2007).
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Apelin has been attributed many physiological roles thanks to the wide
distribution of this peptide and receptor in different tissues. The remarkable specific
expression found in blood vessels, suggests that apelin-APJ system has an important
role in angiogenesis and vascular formation (Kidoya and Takakura, 2012). Indeed,
apelin was found to be involved in normal vessel development, regulation of
apoptosis, regulation of NO-dependent vasodilation and improving cardiac contractility
(Lee et al., 2000). The apelin-APJ system seems to have an opposite role to the renin-
angiotensis system. Apelin signaling can block All action by increasing NO production
(Ishida et al., 2004; Chun et al., 2008; Siddiquee et al., 2011). Similar results were
found in a previous study, where intravenous injection of apelin induced the reduction
of blood pressure, associated with the intracellular activation of NO (Tatemoto et al.,
2001). In pulmonary hypertension, apelin attenuated vasoconstriction in isolated rat
arteries (Andersen et al., 2011). Apelin was also described in a number of studies as an
important factor protecting against cardiovascular disease (Koguchi et al., 2012). It has

a positive inotropic effect both in vitro and in vivo (Katugampola et al. 2001; Berry et

al., 2004; Dai et al., 2006).
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Other roles have been attributed to apelin-APJ, such as diabetes and adipose
tissue or inflammation. Apelin was found upregulated in obese and hyperinsulinemic
humans and mice, and it was able to restore glucose tolerance and increased glucose
utilization (Dray et al.,, 2008). Apelin has also a role in inflammation in kindey,
gastrointestinal tract or atherosclerosis (Malyszko et al., 2008; Han et al., 2008; Lu et
al., 2012). A recent study added a new function of apelin, that is the implication in the
lymphatic system by stabilizing endothelial lymphatic cells (Sawane et al., 2011). The
most relevant role for apelin for the current doctoral thesis is the role of apelin
described in liver fibrosis by our laboratory and confirmed later by others (Principe et

al., 2008; Tiani et el., 2009; Melgar-Lesmes et al., 2010; Melgar-Lesmes et al., 2011).

Apelin and liver fibrosis

In the last few years, our laboratory has showed great interest in the study of
the role of the endogenous apelin system in liver fibrosis and associated complications.
We first described the role of apelin in hepatic remodeling and cardiovascular and
renal complications associated with advanced liver disease (Principe et al., 2008).
Apelin was found upregulated in the hepatic tissue of cirrhotic rats with ascites across
the fibrotic septa, while APJ was localized mainly in the parenchyma. Circulating levels
of apelin were also elevated in both cirrhotic patients and cirrhotic rats. The
antagonism of the apelin receptor with F13A reduced fibrosis formation, vessel
density, improved cardiac performance and renal function and produced the loss of
ascites.

Apelin was also analyzed in a rat portal hypertension model. Treatment with
the apelin receptor antagonist, F13A, markedly reduced splanchnic neovascularization,
formation of portosystemic collateral vessels and decreased the expression of
proangiogenic factors such as VEGF, PDGF and angiopoietin 2 in portal hypertensive
rats (Tiani et al., 2009).

Our group continued with the characterization of the apelin system in vitro.
Melgar-Lesmes et al. investigated the role of apelin in human tissue and in human
hepatic stellate cells (LX2) under fibrogenic-related gene induction and hypoxia. Apelin

was found to be an important factor in the regulation of All and ET1 mediated effects
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on HSC. This effect was confirmed in vivo by the selective blockade of All and ET1 in
CCls-treated rats. In both cases, the inactivation of this profibrogenic genes normalized
apelin expression.

The most recent publication focused on APJ and its upregulation by hypoxia
and proinflammatory factors such as LPS or TNF in human hepatocytes (HepG2) and
HSC cells (LX2), further strengthening the role of the apelin system in hepatic cirrhosis

(Melgar-Lesmes et al. 2011).
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Liver fibrosis degree assessment is the most valuable parameter in the
diagnosis of patients with liver disease. The most used technique to determine liver
fibrosis stage is the biopsy and despite the potential complications, it is still frequently
used to assign a proper treatment of patients with HCV. In the last years, there has
been a constant research of new non-invasive biomarkers of liver fibrosis in order to
substitute the invasive biopsy. Indirect biomarkers include basic laboratory blood tests
parameters (AST, platelet count, bilirubin etc.) and although the analysis reflects well
the alteration in the hepatic function, the greatest limitation is that these biomarkers
do not provide information about the changes in the ECM. Direct biomarkers, on the
other hand, include collagens and other matrix proteins involved in the ECM turnover,
which provide more accurate information about the fibrosis stage. During the
fibrogenesis process, many substances such as ECM products and cytokines are
released to the blood flow, which could be used as potential biomarkers. In the clinical
practice there are many studies that by combination of three or more direct
biomarkers have achieved good prognosis scores in HCV patients.

The most characteristic feature of fibrogenesis is ECM deregulation. The normal
ECM balance leans towards matrix production and accumulation, which causes normal
liver tissue architecture disruption into a fibrotic one. MMPs are the classical
degrading enzymes of collagen and other ECM fibers, and they are upregulated during
fibrogenesis as well as their inhibitors, the TIMPs. Degradation products of collagen,
such as PIIINP or PICP are well known to be increased in serum of patients with liver
disease and have been tested in several studies. Degradation of collagen fibers by
MMPs generates specific cleavage fragments that can also be considered as potential
biomarkers. Specifically, MMP9 cleavage of collagen type Ill produces a new described
fragment, CO3-610, which has shown to be correlated with total collagen content of
the livers of intraperitoneal CCls-treated rats (Barascuk et al., 2010). Considering all

this background information, the main aims of this first study were the following:

- To evaluate whether the circulatory levels of CO3-610 could be used as a new
effective serum biomarker to assess liver fibrosis progression in rats treated by CCl,

inhalation during different periods of time and with different degrees of fibrosis.
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- To assess if CO3-610 is correlated with the systemic hemodynamics and portal

hypertension worsening that characterize fibrosis to cirrhosis progression.

Hepatic fibrogenesis is triggered upon liver damage, whatever the source, when
the damage persists, inflammation becomes chronic and the liver architecture is
altered by an excessive matrix deposition. Liver fibrosis is the initial cause of major
complications in liver disease, which become more accused in advanced fibrosis and
cirrhosis. Liver stiffness causes alterations in the intrahepatic vasoreactivity, inducing
vasoconstriction, which in turn, induce portal hypertension and increased hepatic
resistance. As a compensatory effect, there is an increase in the collateral circulation
resulting in a decrease of the systemic blood pressure. In addition, liver cirrhosis
ultimately results in hepatic failure with a high risk of hepatocarcinoma. For this
reason, treatments focused on the prevention of fibrosis progression are of great
interest.

Endocannabinoids are lipid-based molecules that participate in a wide range of
physiological functions including neuroprotection, energy balance, cardiovascular
homeostasis or immune and inflammatory responses among others. Cannabinoid
receptors have been reported to be involved in liver fibrosis in several studies in the
last few years. Specifically, CB2 receptor stimulation has antifibrogenic effects in
experimental fibrosis (Julien et al., 2005; Mufoz-Luque et al., 2008), while CB1 has
profibrogenic properties (Teixeira-Clerc et al., 2006). CB1 receptors are widely
expressed in the brain, for this reason, non-desirable side effects have been attributed
to this receptor. On the other hand, CB2 receptors are found expressed mainly in
peripheral tissues, especially in the immune system. It is for this reason that CB2
receptor studies have attracted more attention lately, as no side effects have been
associated to date.

Another endogenous system that has emerged in the last decade is the apelin
system. Although its implication in other pathologies such as cardiovascular disease is
well known, only recently our group has described its role in hepatic cirrhosis. Apelin is
a 36-aminoacid peptide with proangiogenic properties that has also been found

increased in serum and liver tissue of cirrhotic patients. Apelin receptor (APJ) blockade
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with a specific antagonist has reverted apelin effects, improving fibrosis and

angiogenesis in cirrhotic rats with ascites.

For this second study, the set aims were:

- To investigate new therapeutic strategies focused on preventing fibrosis
progression in rats chronically treated with increasing doses of CCls;, such as
stimulation of the endocannabinoid and blockade of the apelin systems.

- To determine if both antifibrogenic strategies have positive effects on systemic
and portal hemodynamics and liver function.

- To assess gene expression changes in a selected group of genes involved in
fibrosis, inflammation and ECM turnover after chronic stimulation of CB2 receptors

with a selective agonist AM1241, and APJ blockade with the antagonist F13A.

In connection to the second study of this thesis, (see results of the 2" article),
PDGFRP expression was modulated by two different antifibrogenic agents, showing
clear evidence that this receptor is a potential therapeutic target for liver fibrosis. In
concrete, this third study was focused on PDGFRP and the effect of its signaling
disruption by an adenovirus encoding for a dominant-negative soluble PDGFR. It has
been already mentioned that the perpetuation of the activated state of HSCs induce
the release of cytokines and profibrogenic genes, but also an increase of their cell
membrane receptors and an enhanced downstream signaling. The sequential
activation of the PDGF signaling pathway includes the activation of ERK1 and ERK2,
which translocate into the nucleus and trigger the proliferative response. For this
reason, targeting the PDGF system by inhibitors of tyrosine kinase receptors is an
attractive therapeutic strategy for liver fibrosis. The main drawback is that the PDGF
system signaling pathway is common with other growth factors that may have
beneficial effects in other cells within the same tissue. In order to avoid inhibiting
general tyrosine kinase receptors, there is the option of recurring to dominant-
negative transgenic strategies. Truncated membrane-bound receptors with a non-
functional tyrosine kinase domain have proved to disrupt in vitro signaling of multiple

receptor isoforms by competing for ligand binding (Celli et al., 1998; Qi et al., 1999;
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Borkham-Kamphorst et al., 2004). Therefore, the main aims of this third study were

the following:

- To assess the relationship between the activation of PDGFRf, hemodynamic
dysfunction and progression of hepatic fibrosis in CCls;-treated rats with different
degrees of fibrosis.

- To analyze the hemodynamic and antifibrotic effects produced by the adenoviral
transduction of a dominant-negative soluble form of PDGFRP (sPDGFRp) in fibrotic

rats.

The second study of this thesis has contributed to widen the knowledge on CB2
receptors and their role in fibrosis progression. In this fourth study, we sought to
assess further data on the role of the endocannabinoid system in inflammation. As
mentioned in the introduction, CB2 receptors are mainly expressed in peripheral
tissues, especially in the immune system cells. Cannabinoids can modulate cytokine
and chemokine production, therefore, they could be used as anti-inflammatory drugs
to treat chronic inflammatory diseases. Moreover, the endocannabinoids AEA and 2-
AG have been shown to enhance chemotaxis of leukocytes, further supporting the
evidence of CB2 implication in inflammation. In addition, cirrhotic patients with ascites
have altered host-defense mechanisms and increased susceptibility to bacterial
infections, which can lead to SBP in patients with advanced liver disease and increase
the mortality rate of those patients. This work sought to investigate the relationship

between LPS-induced sepsis in liver cirrhosis and the endocannabinoid system.

The main aims of this fourth study are summarized as follows:

- To assess whether LPS regulates the CB2 expression in a human monocytic cell
line (U937) at both mRNA and protein levels.

- To determine the mRNA expression level of CB2 receptors in isolated circulating
monocytes and peritoneal macrophages from the ascites fluid of cirrhotic patients with

or without SBP.
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- To study if LPS treatment produced any effect on the migratory activity of U937
cells towards the endocannabinoids AEA and 2-AG.
- To evaluate if the effects on the transcriptome in U937 cells triggered by LPS are

specific by adding polymixin B, an antibiotic that prevents LPS signaling.

This thesis includes four individual studies, the first three have been published and

are in press and the fourth one has been sent for review to the journal Gut.
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1** Article: Circulating CO3-610, a degradation product of collagen Ili, closely
reflects liver collagen and portal pressure in rats with fibrosis.

Non-invasive liver fibrosis assessment in order to substitute liver biopsy has been
the aim of physicians for many years, for this reason, it is of great interest to find new
efficient serum biomarkers that are able to asses accurately the fibrosis stage and
ideally predict fibrosis progression. Previous studies have already showed that CO3-
610 had a significant correlation with the total amount of collagen in the livers of BDL
and CCls-treated rats (Veidal et al., 2010; Vassiliadis et al., 2011). For the present
study, we used an experimental liver fibrosis rat model with different CCls-inhalation
periods of time in order to obtain different grades of fibrosis and cirrhosis (as
explained in the material and methods section of the 1% article). Mean arterial
pressure and portal pressure was measured in all animals, as well as the % of fibrosis
area, and gene expression of ECM turnover genes. The results of this study are

summarized below:

1. Fibrosis quantification and staging

The individual response to the CCl; treatment varies between animals. For this
reason, to assess more accurately the differences between CO3-610 levels in rats with
different fibrosis grades, the animals were classified into four groups according to the
% of fibrosis obtained by Sirius red staining quantification instead of the weeks of CCl,
treatment duration. The groups were the following: 1) Control animals (non-treated
animals had non-appreciable alteration in liver histology presented < 1% of fibrosis), 2)
mild and moderate fibrosis (fibrotic area between 1-6% of the total liver biopsy), 3)
severe fibrosis (fibrotic area between 6-11%) and 4) cirrhosis (> 11%). Figure 1 shows
representative Sirius red stained liver slices of a control, mild/moderate, severe and
cirrhotic rat. There is an evident progression of collagen accumulation and liver
architecture deregulation characterized by the initial formation of fibrotic septa and
regenerative nodules in severe fibrotic rats that becomes more evident in cirrhotic
animals. Liver function parameters such as AST and ALT also showed a progressive

worsening along with fibrosis progression (Table 1).
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2. C0O3-610 is detected in serum of cirrhotic rats and increases in parallel with liver

fibrosis progression

Immunoprecipitation analysis showed that CO3-610 was only found as a single 25
kDa band in cirrhotic animals and almost no signal was detected in healthy rat serum,
as shown in Figure 2.

C0O3-610 serum levels were measured by ELISA in the four groups of rats. No
significant differences were found between untreated (control) rats and rats with
mild/moderate fibrosis (<6% of fibrosis area). However, there was a parallel increase in
the circulating serum levels of CO3-610 and fibrosis progression, reaching maximum
levels in cirrhotic rats (Figure 3A). Overall, the collagen content analyzed by histology

was closely correlated with the increase of serum CO3-610 (Figure 3B).

3. Serum C0O3-610 values closely correlate with portal hypertension

In order to analyze whether CO3-610 could be used as an indicator of
hemodynamic worsening, mean arterial pressure and portal pressure were measured
in a representative group of animals. The progressive disruption of the architecture of
the liver led to systemic and portal hemodynamics deterioration. CO3-610 levels were
significantly correlated with the systemic hemodynamics worsening, but the most
interesting finding of this investigation was that the correlation between C0O3-610 and

portal pressure showed a strong correlation in fibrotic/cirrhotic animals (Figure 4).

4. Collagen types | and Ill are overexpressed in the hepatic tissue of CCls-treated

rats

Collagen 1a2 and 3al mRNA expression was enhanced in fibrotic/cirrhotic rats as
expected, but the expression pattern differed between the two transcripts. Figure 5A,
shows the mRNA expression results obtained by Real Time PCR. Both collagen 1a.2 and
301 were upregulated up to the same amount in fibrotic rats, but in cirrhotic rats,
collagen 1a.2 was more than 20 times higher compared to controls, while collagen 3a.1
remained at the same level as fibrotic rats. However, when analyzing the specific
hepatic content of collagen type Il by immunohistochemistry (Figure 5B), we observed
a progressive deposition of collagen type Il fibers in the hepatic tissue of

fibrotic/cirrhotic animals.
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5. Genes involved in ECM turnover are induced in the liver of CCl,-treated rats

Chronic hepatic injury induces the upregulation of ECM turnover genes, which
causes the disruption of the normal balance of matrix deposition/degradation. MMPs
and their inhibitors, the TIMPs, are the proteins that orchestrate the ECM turnover.
We analyzed the mRNA expression of MMP2, the most relevant metalloproteinase in
liver, MMP9, the responsible for the generation of CO3-610 from collagen type lll, and
both inhibitors of metalloproteinases, TIMP1 and TIMP2 (Figure 5C). MMP2 expression
was paralleled with fibrosis progression, but MMP9 was only upregulated in fibrotic
animals, while in cirrhotic rats mRNA levels drastically fell to non-significant compared
to control animals. Both TIMP1 and TIMP2 mRNA levels were increased in fibrotic and
cirrhotic rats compared to controls. TIMP1 was 10 times higher in fibrotic rats reaching
a maximum of 15-fold in cirrhotic animals, while TIMP2 was only increased by 2-fold

and 5-fold in fibrotic and cirrhotic animals, respectively.



Segovia-Silvestre et al. Fibrogenesis & Tissue Repair 2011, 4:19
http://www.fibrogenesis.com/content/4/1/19

Results

Fibrogenesis &
Tissue Repair

RESEARCH

Open Access

Circulating CO3-610, a degradation product of
collagen lll, closely reflects liver collagen and
portal pressure in rats with fibrosis

Toni SegoviaASiIvestre", Vedrana Reichenbach?, Guillermo Fernandez-Varo?, Ffstathios Vassiliadis’,
Natasha Barascuk', Manuel Morales-Ruiz?, Morten A Karsdal' and Wiadimiro Jiménez*>

Abstract

cirrhotic ones.

patients.

Background: Hepatic fibrosis is characterized by intense tissue remodeling, mainly driven by matrix
metalloproteinases. We previously identified CO3-610, a type Ill collagen neoepitope generated by matrix
metalloproteinase (MMP)-9, and tested its performance as a fibrosis marker in rats with bile-duct ligation. In this
study, we assessed whether CO3-610 could be used as a surrogate biomarker of liver fibrosis and portal
hypertension in carbon tetrachloride-induced experimental fibrosis.

Results: For this study, 68 Wistar rats were used. Serum CO3-610 was measured by ELISA. Liver fibrosis was
guantified by Sirius red staining. Serum hyaluronic acid (HA) was measured with a binding-protein assay. Gene
expression of collagens | and lll, Mmp2 and Mmp#9, and tissue inhibitors of matrix metalloproteinase 1 (Timp1) and
2(Timp2) was quantified by PCR. Hemodynamic measurements were taken in a subgroup of animals. A close direct
relationship was found between serum CO3-610 and hepatic collagen content (r = 0.78; P < 0.001), superior to that
found for serum HA (r = 049; P < 0.05). CO3-610 levels in rats with severe fibrosis (43.5 + 3.3 ng/mL, P < 0.001)
and cirrhosis (60.6 + 4.3 ng/mL, P < 0.001) were significantly higher than those in control animals (266 + 1.3 ng/
mL). Importantly, a highly significant relationship was found between serum C0O3-610 and portal hypertension (r =
0.84; P < 0.001). Liver Mmp9 expression increased significantly in fibrotic animals but decreased to control levels in

Conclusions: Circulating CO3-610 behaves as a reliable indicator of hepatic remodeling and portal hypertension in
experimental fibrosis. This peptide could ultimately be a useful marker for the management of liver disease in

Background

Identification of non-invasive biochemical markers of
liver fibrosis is a major challenge for scientists and clini-
cians dealing with hepatic diseases. The degree of liver
fibrosis has emerged as the primary determinant in the
diagnosis, prognosis and management of patients with
chronic liver diseases [1,2]. Furthermore, the probably
availability of antifibrotic treatments in the near future 3
emphasizes the necessity of having accurate tools that
allow the sequential evaluation of changes in collagen
turnover induced by these drugs.

* Correspondence: segoviasilvestre.t@gmail.com
'Nordic Bioscience A/S, Herlev, Denmark
Full list of author information is available at the end of the article

( ) BioMed Central

Liver biopsy (LB) is the gold standard method for the
diagnosis of liver fibrosis, providing a unique source of
information on fibrosis and assessment of histology.
Even for patients in whom serologic tests point to a spe-
cific liver disease, LB can give valuable additional infor-
mation regarding staging, prognosis and management
[4]. However, LB can be painful and carries a risk, albeit
slight, of complications, some of which may be life-
threatening, and therefore it is often reserved for cases
in which clinical cirrhosis or the diagnosis of the type of
liver disease is unclear. The size and quality of the
biopsy, interpretation of histology, and the heterogeneity
of fibrosis deposition between patients are variables that
can lead to errors and inaccurate assessment of fibrosis
[5]. In the past few years, the list of non-invasive

2011 Segovia-Silvestre et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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surrogate markers of liver fibrosis has increased progres-
sively. Indirect biomarkers, such as platelet count or
liver transaminases, reflect alterations in hepatic func-
tion but not changes in extracellular matrix (ECM)
turnover [6,7]. By contrast, direct biomarkers are
thought to be involved in the deposition or removal of
the ECM. The extensive deposition of fibrous tissue,
together with the active remodeling and recurrent scar-
ring that develops during fibrosis, results in increased
serum levels of the constituents and degradation pro-
ducts of fibrous tissue [7,8]. This group includes col-
lagens, proteoglycans, matrix glycoproteins, HA, matrix
metalloproteinases (MMPs) and their inhibitors (tissue
inhibitors of matrix metalloproteinases; TIMPs), and
several cytokines involved in fibrosis signaling pathways.
The most extensively studied collagen-derived markers
in liver fibrosis are the N-terminal propeptide of type III
procollagen (PIIINP) and type IV collagen [8-11]. Indir-
ect and direct markers of liver fibrosis have been vali-
dated alone or in combination in different groups of
patients with differing degrees of hepatic dysfunction.
However, wide agreement on the most suitable biomar-
ker of liver fibrosis is far from being reached.

Recently, a new strategy based on the identification of
neoepitopes arising from the cleavage of ECM compo-
nents by matrix proteolytic enzymes has been proposed
[12]. This strategy assumes that collagen cleavage occurs
at significant levels only during the gross alterations in
ECM homeostasis seen during fibrosis. Neoepitopes,
which are cleared into the circulation in peptide frag-
ments, are almost completely absent under healthy con-
ditions, and detectable only when active fibrosis is
ongoing. This, in turn, raises the possibility of discrimi-
nating between different degrees of disease activity.
Based on this approach, we recently identified CO3-610,
a specific peptide fragment of type III collagen gener-
ated by MMP-9, as a potential liver fibrosis biomarker,
and developed an ELISA assay to quantify it in serum
[13]. Initial tests of this assay, particularly its perfor-
mance in rats with bile-duct ligation (BDL) have been
previously reported [14].

In the present study we assessed whether the circulat-
ing levels of CO3-610 could be used as a surrogate mar-
ker of liver fibrosis and portal hypertension in
experimental fibrosis induced by carbon tetrachloride
(CCly) in rats.

Results

Fibrosis quantification and staging

The liver of animals treated with CCl, had a finely
granulated surface macroscopically. As anticipated, the
individual response to the fibrosis-induction protocol
varied widely from animal to animal. Hence, based on
histological analysis, CCl,-treated rats were staged into
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three groups according to the percentage of fibrotic area
compared with the total area of the LB: mild and mod-
erate fibrosis (defined as the fibrotic area being < 6% of
the total; n = 33), severe fibrosis (6 to 11%; n = 15) and
cirrhosis (> 11%; n = 20). Control rats displayed no
appreciable alterations in liver histology, and had an
almost negligible amount of fibrous tissue. However, in
fibrotic rats, there was progressive accumulation of
ECM as a consequence of the continuous liver injury,
evolving from a slight deposition of fibrosis mainly in
the portal area (mild/moderate fibrosis) to numerous
and thicker septa resulting from the longer exposure to
CCl, (severe fibrosis). Finally, most of the animals
exposed to the toxin for the longest periods developed
cirrhosis, characterized by the formation of regenerative
nodules of liver parenchyma separated by fibrotic septa.
Figure 1 shows representative Sirius red staining of tis-
sue from a control rat, a rat with mild/moderate fibrosis,
a rat with severe fibrosis and a rat with cirrhosis.

The fibrotic/cirrhotic rats included in the study had
important alterations in liver-function tests, being more
pronounced in the group of rats with cirrhosis (Table
1). These animals also had a moderate but significant
alteration in extracellular fluid homeostasis, as reflected
by hyponatremia.

C03-610 is a 25 kDa circulating fragment of collagen
type lll detected in the serum of cirrhotic rats

‘Western blotting analysis of serum samples from cirrho-
tic and control rats precipitated with the anti-CO3-610
antibody was carried out (Figure 2). No signal was
detected in healthy animals, but a clear specific band at
a molecular mass of approximately 25 kDa was visible
in blots of serum from cirrhotic rats. These results indi-
cate that a single molecular entity is detected with the
CO3-610 antibody, in contrast to other serum collagen
ELISA assays reported previously, in which several frag-
ments of collagen were measured simultaneously [15].

Serum CO3-610 values rose in parallel with liver fibrosis

No difference was found between serum levels of CO3-
610 between control rats and those with mild/moderate
fibrosis (26.6 + 1.3 ng/ml versus 28.5 + 1.6 ng/ml,
respectively) (Figure 3A). However, progression of liver
fibrosis was associated with a parallel increase in the cir-
culating levels of the collagen IlI-derived epitope; values
significantly increased in rats with severe fibrosis (43.5 +
3.3 ng/ml, P < 0.001) and reached maximum levels in
rats with cirrhosis (60.6 + 4.3 ng/ml, P < 00.01). There
was a close direct relationship between CO3-610 values
and hepatic collagen content in CCl,-treated rats (r =
0.78; P < 0.001) (Figure 3B). These differences were
clearly greater than those obtained by calculating the
correlation coefficient between serum hyaluronic acid
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Figure 1 Classification of the study animals based on liver-collagen content. Photomicrographs of liver sections stained with Sirius red are
representative of control and treatment groups. Rats under CCl4 inhalation treatment were classified based on the evidence into three different
groups according to the histological quantification of their liver-collagen content: mild/moderate fibrosis (< 6% fibrotic area), severe fibrosis (6 to
11% fibrotic area) and cirrhosis (> 11% fibrotic area). Original magnification x100.

Table 1 Body weight, liver-function test results and serum electrolyte values in the rats of the study

Control (n = 20) Fibrosis
Mild/moderate (n = 33) Severe (n = 15) Cirrhosis (n = 20)

Body weight, g 399 + 8 369+ 6 367+ 9 38349
ALT, U/L a 128+ 1 886 + 318 1381+ 71* 119.6 + 31.5%*
AST, U/L b 17423 219 + 27 355 + 92** 512 + 69%**
LDH, U/L ¢ 1093 + 106 1455 + 154* 1386 + 134* 917 £ 112
Albumin, g/l 36.1+05 349+ 05 333+£10 290 + 0.8
Serum Na*, mEg/| 142+ 16 1426 + 05 1429 + 04 1415 + 0.5*
Serum K%, mEg/l 57+02 60 + 0.1 57& 00 48 + 02
Serum osmolality, mOsm/Kg 292+6 294 +3 291 + 3 289 + 1

* Alanine aminotransferase.
bAspartate aminotransferase.
“Lactate dehydrogenase.

*P < 0.05; **P < 0.01 and ***P < 0.001 compared with control rats (one-way ANOVA with Newman-Keuls post hoc test and Kruskal-Wallis test with Dunn post hoc
tests as appropriate).
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Figure 2 Immunoprecipitation of CO3-610 type Il collagen
fragment from rat serum. CO3-610 was precipitated with
monoclonal antibodies from serum of a cirrhotic (F) rat treated with
CCl, for 19 weeks and an untreated age-matched control (C) rat
and detected by western blotting as a single discrete protein band
of 25 kDa. The numbers on the right are the molecular masses of
Full-Range Rainbow Markers (Mr 12,000 to 225,000) from GE
Healthcare (Little Chalfont, United Kingdom). The figure is

representative of three independent experiments.

(HA) (a well-established serum marker of liver fibrosis)
and the hepatic collagen content in fibrotic/cirrhotic
rats (r = 0.49; P < 0.05).

Serum CO3-610 values closely correlate with portal
hypertension

Further insight into the suitability of CO-610 as a surro-
gate indicator of hepatic fibrosis was gained by measur-
ing mean arterial pressure (MAP) and portal pressure
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Figure 3 C03-610 serum levels in experimental fibrosis
induced by chronic administration of carbon tetrachloride in
rats. (A) Serum concentrations of CO3-610 in control (untreated)
rats (n = 20), and rates with mild/moderate fibrosis (n = 33), severe
fibrosis (n = 15) and cirrhotic (n = 20). The box contains the values
between the 25th and 75th percentiles, and the horizontal line is
the median. Whiskers show the range of the data. Significance is
denoted versus the control animals. (B) Correlation of CO3-610
serum levels with histological quantification of liver fibrosis in all

CCltreated rats.
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(PP) in 20 of the 68 CCl,-treated rats included in the
protocol. This subset of animals did not differ from the
whole group of fibrotic/cirrhotic rats in terms of fibrosis
staging (seven rats with mild/moderate fibrosis, three
rats with severe fibrosis and ten rats with cirrhosis),
range of CO3-610 values (37.3 £ 5.6 ng/ml, 55.1 + 6.3
ng/ml and 72.2 + 6 ng/ml, respectively) or correlation
coefficient with hepatic collagen content (r = 0.71; P <
0.001). As previously observed, the increased disruption
in the hepatic architecture was associated with a pro-
gressive deterioration in systemic hemodynamics. In
fact, animals with cirrhosis had frank hypotension (MAP
96.5 + 2.4 mmHg; P < 0.001) compared with control
rats (MAP 124.6 + 2.4 mmHg). Accordingly MAP inver-
sely correlated with serum CO3-610 values in CCly-trea-
ted rats (r = -0.59; P < 0.01) (Figure 4A). However, the
most interesting finding of this investigation was that
the serum concentration of CO3-610 depicted a higher
direct relationship with the degree of portal hyperten-
sion in fibrotic/cirrhotic animals (r = 0.84; P < 0.001)
(Figure 4B).

Collagen types | and Il are overexpressed in the hepatic
tissue of CCl,-treated rats

As expected, the expression of collagen 1a2 (Colla2)
and 3ol (Col3a1) mRNA was generally enhanced in
fibrotic/cirrhotic rats, but the pattern and degree of
changes clearly differed between the two transcripts
(Figure 5A). Collagen 1la2 mRNA expression increased
in parallel with the worsening of the liver disease. In cir-
rhotic rats this enhancement was around 20 times
higher than that in controls. This increase in the expres-
sion of collagen 301 mRNA reached its peak in the ani-
mals with fibrosis, and there was no worsening of this
level in the liver of rats with cirrhosis. Because CO3-610
is a degradation product of collagen type III, we next
examined the hepatic content of collagen type III in the
liver of CCl,-treated rats. Gene activation of collagen
30,1 mRNA was associated with a progressive deposition
of collagen III fibers in the hepatic tissue of animals
with induced fibrosis/cirrhosis protocol (Figure 5B),
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Figure 4 Correlation of C03-610 serum levels with portal
pressure (PP) and mean arterial pressure (MAP) in a group of
20 CCl,-treated rats.
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Figure 5 Hepatic expression of predominant collagen types and turnover regulators of extracellular matrix (ECM) in the study rats.
Animals were grouped as control, fibrosis and cirrhosis. Rats with mild, mederate and severe fibrosis were analyzed together as the fibrosis
group. (A) Collagens | and lll transcription levels quantified by real-time PCR. (B} Immunolecalization of collagen type Il in liver tissue. (C)
Hepatic gene expression of matrix metalloproteinase (Mmp}-2 and Mmp9, and tissue inhibitor of matrix metalloproteinase (Timp)-1 and Timp2
by real-time PCR. Data are expressed as mean + SEM of the group, and P<0.05 was considered significant (on top of the columns). Significance
is denoted versus the control group.
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Genes involved in ECM turnover are induced in the liver
of CCl -treated rats

Following hepatic injury, increased matrix deposition of
collagen fibers results from an altered balance between
the activity of cleavage proteases such as MMPs and
their endogenous inhibitors, the TIMPs. Therefore, we
sought to determine expression of the rat genes Mmp?2,
Mmp9, Timpl and Timp2 in the liver of CCly-treated
rats with different degrees of cirrhosis (Figure 5C).
Reverse transcriptase PCR analysis revealed marked
Mmp2 and Mmp9 mRNA overexpression in fibrotic rats
compared with control animals. A similar degree of
Mmp2 mRNA expression was apparent in cirrhotic rats;
however, the abundance of the Mmp9 transcript was
clearly attenuated in this group of animals. Timpl and
-2 mRNAs were also significantly overexpressed in the
liver of CCly-treated rats, with the higher intensity being
found in cirrhotic animals.

Discussion

It has recently been reported that human MMP-9 can
perform the initial cleavage of native collagens I and III,
with a clear substrate preference for type III over type I
[16]. A number of specific sequences of type III collagen
generated by MMP-9 have been identified previously
[17]. One of these, the neoepitope CO3-610, is also pro-
duced in rodents [13]. We previously reported that
CO3-610 levels are significantly increased in response to
BDL in Sprague-Dawley rats [14]. Rats had serum levels
2.3 times higher than those of matched sham controls at
2 and 4 weeks after surgery. Similarly, when we investi-
gated how CO3-610 responds to CCl, intraperitoneal
injection, we found that serum levels doubled after 4
weeks of treatment, and remained significantly higher
than those of controls until week 8 [18].

In the present study, we found that fibrosis induced by
CCl, inhalation in Wistar rats also resulted in increased
expression of the 25 kDa CO3-610 circulating fragment
(Figure 2). The fragment could be quantified by serum
ELISA, and used to differentiate the stages of hepatic
fibrosis in this experimental group. In particular, the
study marker could discriminate advanced fibrosis from
cirrhosis, and both from mild/moderate fibrosis and
normal liver conditions (Figure 3A). This suggests that
CO3-610 may be of use in advanced disease diagnosis,
in the prognosis of liver-related events (hepatic coma or
liver-related death), or as a marker of treatment efficacy
in patients with cirrhosis. In the diagnosis of advanced
fibrosis, CO3-610 seems to add little extra value to the
already existing serum and imaging markers; however,
as a marker of treatment efficacy, it merits further
research considering that currently the greatest limita-
tion in bringing new antifibrotic drugs to the clinic is
the lack of clinical trial end points [7]. In contrast to
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our previous studies in models of acute liver disease
[14,18] in which CO3-610 levels quickly responded to
the treatment in the context of high associated mortal-
ity, this study allowed us to observe how CO3-610 levels
correlated with histological fibrosis along a wide range
of fibrosis values (Figure 3B), and how CO3-610 can
effectively discriminate stages of severe fibrosis and cir-
rhosis from mild/moderate or no fibrosis, and between
both advanced stages of disease (Figure 3A).

A key finding in this paper is the relationship between
serum CO3-610 and PP, which was the strongest of all
variables studied. The assessment of hemodynamic para-
meters, together with liver biopsy examination, is a very
important tool for staging and prognosis in liver disease.
Furthermore, a recent study in patients with hepatitis C
virus after liver transplantation determined that a hepa-
tic venous pressure gradient value of 6 mm Hg or
higher was accurate at identifying patients at risk of dis-
ease progression (area under the curve 0.96) [19]. To
our knowledge, HA is the only serum marker that has
been confirmed as an independent predictor of portal
hypertension in patients with liver disease [20]. In our
study, compared with HA measurements in serum,
there was a stronger relationship between C0O3-610 and
hepatic collagen content during fibrosis, This is impor-
tant because HA is an ECM component whose serum
levels are closely associated with matrix deposition, and
it is generally considered one of the best available liver
fibrosis biomarkers. HA has been thoroughly studied in
both preclinical and clinical settings, and continues to
be tested in human liver disease as part of algorithmic
models that include other serum markers and clinical
variables [8,21,22].

Interstitial collagens type I and III are the main com-
ponents of the scar matrix that replaces the basal mem-
brane of the subendothelial space of Disse and sinusoid
during liver fibrosis [23,24]. Type I collagen transcrip-
tion is considered a sensitive marker of active fibrogen-
esis, with increased levels seen at an early stage in the
process [25,26]. In the study group, Colla2 transcrip-
tion behaved as a quantitative index of fibrosis progres-
sion, whereas type III collagen transcription was
activated in fibrosis, but remained at similar levels in
cirrhosis (Figure 5A). This differential profile is not
apparent when animals are grouped according to the
time course of CCl, exposure [24]. Type III collagen
protein accumulation continued to increase in cirrhotic
tissue (Figure 5B), probably due to decreases in intersti-
tial collagen degradation in advanced disease. Changes
in the activities of MMPs are considered one of the
main factors contributing to excess collagen deposition
in liver fibrosis [27]. We found a general overexpression
of both gelatinases during fibrosis (Figure 5C), in agree-
ment with previous reports [28-30]. However, rat Mmp9
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gene expression was no longer induced in cirrhotic ani-
mals, but returned to control values. Similar expression
profiles have been published in previous reports [31,32],
with Mmp9 increases being associated with early liver
injury and inflammatory reaction, but not with the stage
of fibrosis, and they disappeared in advanced fibrosis.
Instead, Mmp2 levels increased with tissue inflamma-
tion, and were sustained at later stages. It is thought
that the initial role of MMP-9 in liver fibrosis is the
degradation of the normal basolateral matrix, and that
subsequent decreases in ECM breakdown by MMP-9
lead to ECM accumulation and exacerbation of liver
fibrosis. CCl, treatment also induced increases in rat
Timpl and -2 expression (Figure 5C). Interestingly,
Timp2 increases were significant only in cirrhotic rats.
Taken together, these results suggest that rat liver
Mmp9 production and activity may reach their peak
during fibrosis, but not cirrhosis. However, relevant
Mmp9 activity also depends upon release of the latent
form of the enzyme from cellular stores, and is heavily
regulated by interactions with different tissue factors
[33].

Conclusions

The results presented in this paper indicate that the type
III collagen neoepitope CO3-610 closely correlates with
hepatic collagen content and portal pressure in rats with
fibrosis. Taking into account that the CO3-610 amino
acid sequence is identical in rodent and human type III
collagen, our findings suggest that this peptide could
ultimately be a useful non-invasive biomarker of fibrosis
in patients with liver disease.

Methods

The study was performed according to the criteria of
the investigation and ethics committee of the Hospital
Clinic, Barcelona, Spain.

Induction of cirrhosis in rats and experimental procedures
The study was performed on 68 male Wistar rats with
different degrees of fibrosis and 20 control Wistar rats
(Charles-River, Saint Aubin les Elseuf, France). Fibrosis
was induced by repetitive CCl, inhalation [34]. The rats
were fed ad libitum with standard chow and given
water containing phenobarbital 0.3 g/L as drinking fluid.
Animals were exposed to a CCl, vapor atmosphere
twice a week, starting with 0.5 minutes per exposure.
The duration of exposure was increased by 1 minute
after every three session until it reached 5 minutes,
which was used until the end of the investigation. To
examine the effects of variable degrees of hepatic fibro-
sis, the CCl,-treated rats were examined at weeks 8 (n =
13), 13 (n = 26), 16 (n = 13) and 19 (n = 16) after start-
ing the fibrosis-induction protocol. For the analysis of
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results, all treated animals were grouped according to
thresholds of histological fibrosis (Figure 1). Control rats
were studied after similar periods of phenobarbital
administration alone.

When scheduled, animals were anesthetized and a
hemodynamic study was performed when indicated. A
subgroup of 20 rats was selected to perform these mea-
surements before termination to measure MAP and PP.
A blood sample was then obtained from all animals to
measure osmolality, electrolytes, standard parameters of
liver function, and serum concentrations of HA and
CO0O3-610. Thereafter, the animals were killed by iso-
fluorane overdose (Forane, Abbott Laboratories S.A.,
Madrid, Spain), and hepatic samples were obtained from
the middle liver lobe, which were immediately frozen in
liquid nitrogen until further analysis of mRNA expres-
sion, or fixed in 10% buffered formalin for further analy-
sis with hematoxylin and eosin stain, Sirius red stain
and immunohistochemistry.

Hemodynamic measurements

Rats were anesthetized with barbiturate 100 mg/kg
body weight (Inactin®; Sigma-Aldrich Chemie Gmbh,
Steinherim, Germany) and a polyvinyl catheter (PE-50;
; Becton-Dickinson, Franklin Lakes, NJ, USA) was
implanted in the left femoral artery. The arterial cathe-
ter was connected to a very sensitive transducer (Hew-
lett Packard, Avondale, PA, USA) that was calibrated
before each study. Hemodynamic parameters were
allowed to equilibrate for 30 minutes, and MAP and
heart rate values were recorded for two periods of 30
minutes. Each value represented the average of two
measurements. A midline abdominal incision (20 mm)
was made, and a PE-50 catheter was placed in the por-
tal vein through an ileocolic vein. After verifying free
blood reflux, the catheter was fixed to the mesentery
with cyanoacrylate glue, and PP was measured. Ani-
mals were killed by isofluorane overdose, and tissue
specimens were collected.

Quantification of fibrosis

Liver sections 4 pm thick were stained in 0.1% Sirius red
F3B (Sigma-Aldrich, St. Louis, MO, USA) in saturated
picric acid (Sigma-Aldrich). The relative fibrotic area,
expressed as a percentage of total liver area, was
assessed by analyzing 36 fields of Sirius red-stained liver
sections per animal. Each field was acquired at 10x
magnification with a microscope ( E600; Nikon, Tokyo,
Japan) and digital camera (RT-Slider Spot; Diagnostic
Instruments, Sterling Heights, MI, USA). Results were
analyzed using imaging software (Image], NIH). To eval-
uate the relative fibrosis area, the measured collagen
area was divided by the net field area and then multi-
plied by 100. Subtraction of the vascular luminal area
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from the total field area yielded the net fibrosis area
[35].

C03-610 immunoprecipitation from serum

Serum samples from rats treated with CCl, for 19 weeks
and from non-treated animals were analyzed in parallel.
Briefly, 1.5 pg/well of biotinylated anti-CO3-610 antibody
was used to coat streptavidin 96-well plates (Thermo
Scientific Pierce, Rockford, IL, USA). Serum samples
(125 pL) were diluted 1:1 in immunoprecipitation buffer,
added to the wells, and incubated for 1 hour at room
temperature. Antibody-antigen complexes were removed
from non-specific binding, and the antigen eluted from
the plates according to the manufacturer’s instructions.
For western blotting analysis, 1.4 ul of DTT 1 mol/l was
added to 35 pL of each eluted sample, and then heated
for 5 minutes at 95°C. The heated samples were loaded
onto 15% SDS gels, resolved, and transferred to nitrocel-
lulose membranes using 60 mA for 90 minutes. Mem-
branes were blocked overnight in 5% milk, and incubated
for a further 2.5 hours with horseradish peroxidase-
labeled anti-CO3-610 antibody (diluted 1:100). After
three washes of 10 minutes each, membranes were incu-
bated for a further 1 hour with anti-mouse IgG HRP-
linked secondary antibody (diluted 1:5000) followed by
another three washes of 10 minutes each. Membranes
were then developed with autoradiography films (GE
Healthcare, Piscataway, NJ, USA) for 30 minutes.

C03-610 quantification in serum

Details on the design and production of the monoclonal
antibody against CO3-610 and the development of the
serum CO3-610 ELISA assay have been previously pub-
lished [13]. In brief, 100 pl of 2.5 ng/mL C-term biotiny-
lated peptide NB51 (KNGETGPQGP) in PBS-Tris-borate-
EDTA were used to coat streptavidin plates for 30 minutes
at 20°C on a 300 rpm shaker, and then removed with
washing buffer. Serum samples (20 pul) were diluted eight-
fold in incubation buffer (10 mmol/l: 400 mmol/l Tris:Bis-
Tris buffer) and added to the plates. Next, 100 pL of CO3-
610 peroxidase conjugated antibody solution (1:40,000
dilution) was added to the plates and left to incubate over-
night at 4°C, on a 300 rpm shaker. The next day, plates
were washed five times in washing buffer, then 100 pl of
3,3',5,5"-tetramethylbenzidine was added, and the plates
incubated in darkness for 15 minutes at 20°C on a 300
rpm shaker. The reaction was stopped with the addition of
100 L of stop solution, and plates were read on an ELISA
reader at 450 nm, with 650 nm as reference.

Messenger RNA expression of Col102, Col3a1, Mmp2,
Mmp9, Timp1 and TIMP2

Total RNA was extracted from frozen liver specimens of
control and fibrotic rats (RNeasy Kit; Qiagen, Hilden,
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Germany), then 1 pg of total RNA was reverse tran-
scribed using a complementary DNA synthesis kit
(High-Capacity ¢cDNA Reverse Transcription Kit;
Applied Biosystems, Foster City, CA, USA). RNA con-
centration was determined by spectrophotometric analy-
sis  (ND-100 Spectrophotometer, = Nanodrop
Technologies Inc., Wilmington, DE, USA). Total RNA
(1 pg) was reverse transcribed using the same comple-
mentary DNA synthesis kit described above. Specific
primers and probes used for the different genes studied
were designed to include intron spanning, using the
Universal Probe Library Assay Design Center through
the ProbeFinder software (version 2.45; Roche Diagnos-
tics, Indianapolis, IN, USA; https://www.roche-applied-
science.com/sis/rtpcr/upl/index.jsp). The primers used
are shown in Table 2. Primers for rat were designed
according to GenBank sequences (NM_053356.1,
NM_032085.1, NM_053819.1, NM_021989.2,
NM_031054.2, NM_031055.1 and NM_012583.2, respec-
tively) and probes were designed using ProbeFinder soft-
ware as above.

Real-time quantitative PCR reactions were performed
in duplicate and analyzed (Light Cycler 480; Roche
Diagnostics). The PCR reaction mix was 10 pl total
volume, comprising 1:8 cDNA dilution, 200 nmol/] pri-
mer dilution, 100 nmol/] pre-validated nine-mer probe
(Universal ProbeLibrary, Roche Diagnostics) and a mas-
ter kit (FastStart Tagman Probe Master Kit; Roche Diag-
nostics). The hypoxanthine phosphoribosyltransferase 1
gene (Hprtl) was used as a reference gene for normali-
zation (Table 2), and water was used as negative control.

Relative quantification was calculated using the com-
parative threshold (CT) cycle, which is inversely related
to the abundance of mRNA transcripts in the initial
sample. The mean of CT duplicate measurements was
used to calculate ACT as the difference in CT for target

Table 2 Primers used for PCR

Primer name Sequence 5'—3'
Colla.2 Left AGACCTGGCGAGAGAGGAGT
Right ATCCAGACCGTTGTGTCCTC
Col3a1 Left TCCCCTGGAATCTGTGAATC
Right TGAGTCGAATTGGGGAGAAT
Timp1 Left CATGGAGAGCCTCTGTGGAT
Right TGTGCAAATTTCCGTTCCTT
Timp2 Left GACAAGGACATCGAATTTATCTACAC
Right CCATCTCCTTCCGCCTTC
Mmp2 Left GCGCTTTTCTCGAATCCAT
Right GGGTATCCATCTCCATGCTC
Mmp9 Left CCTGAAAACCTCCAACCTCA
Right GAGTGTAACCATAGCGGTACAGG
Hprt1 Left GACCGGTTCTGTCATGTCG
Right ACCTGGTTCATCATCACTAATCAC
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and reference. The relative quantity of product was
expressed as fold-induction of the target gene compared
with the reference gene according to the formula 2
AACT where AACT represents ACT values normalized
with the mean ACT of control samples.

Type lll collagen immunohistochemical analysis

Sections of frozen liver tissue 5 pm thick were cut and
fixed in acetone for 10 minutes, then dried overnight at
room temperature. Slides were washed in water for 5
minutes. Anti-type III collagen ab7778 primary antibody
(Abcam, Cambridge, UK) was diluted 1:50 with 1%
bovine albumin, and incubated on the slides for 30 min-
utes at room temperature, then removed with 0.1% Tri-
ton X-100 in PBS (two washes of 5 minutes each).
Slides were then incubated with secondary horseradish
peroxidase Envision anti-rabbit IgG antibody (Dako,
Glostrup, Denmark) for 30 minutes, and washed with
0.1% Triton X-100 (2 x 5 minutes). Red staining was
produced by incubation with 3-amino-9-ethyl carbazole
substrate (Vector Laboratories, Burlingame, CA, USA)
for 30 minutes. Slides were counterstained with Meyers
hematoxylin.

Other measurements and statistical analysis

Serum levels of HA were quantified with an enzyme-
linked binding-protein assay according to the manufac-
turer’s instructions (Corgenix Inc, Westminster, CO,
USA). Serum osmolality was determined from osmo-
metric depression of the freezing point (Osmometer
3300; Advanced Instruments, Needham Heights, MA,
USA) and Na* and K' concentrations by flame photo-
metry (IL 943; Instrumentation Laboratory, Lexington,
MA, USA). Serum albumin, alanine transaminase and
lactate dehydrogenase were measured by a chemical
analyzer (ADVIA 2400; Siemens Healthcare Diagnostics,
Tarrytown, NY, USA). Quantitative data were analyzed
using GraphPad Prism 5 (GraphPad Software, Inc., San
Diego, CA, USA). Differences between mean values
obtained from CCly-treated and control groups were
analyzed using one-way ANOVA with Newman-Keuls
post hoc test, and Kruskal-Wallis test with Dunn post
hoc tests when appropriate. Correlations between serum
CO3-610 values and the rest of the variables studied
were analyzed with the Pearson two-tailed test. Data
was expressed as mean + SEM, and P<0.05 was consid-
ered significant.
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Mmp/MMP, matrix metalloproteinase (rat and human, respectively); HA,
hyaluronic acid; PIIINP, human N-terminal propeptide of type lll procollagen;
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2" Article: Prevention of fibrosis progression in CCl,-treated rats: role of the
hepatic endocannabinoid and apelin systems.

Targeting critical molecules involved in fibrosis progression, inflammation and/or
angiogenesis open new possibilities for preventing liver fibrosis progression to
advanced stages. In order to prevent fibrosis progression, antifibrogenic strategies
need to focus on reducing myofibroblastic cell accumulation by blocking proliferation
factors or inducing apoptosis of those cells, but also targeting ECM turnover genes, by
inhibiting matrix synthesis and promoting matrix degradation. Both the
endocannabinoid and apelin systems are actively implicated in liver fibrosis. Previous
studies have demonstrated that CB2 receptors have antifibrogenic effects by inhibiting
myofibroblast cell growth and inducing apoptosis. This antifibrogenic role was
confirmed in CB2”" knockout mice, which showed increased fibrosis compared to wild
type (Julien et al., 2005). CB2 receptor stimulation was able to reverse liver fibrosis in
cirrhotic rats with ascites, together with a decrease in inflammatory cell infiltration and
an increase in non-parenchymal cell apoptosis (Mufioz-Luque et al., 2008). Apelin has
an important role in neovascularization, regulating the vascular tone and myocardial
contractility; it is actually one of the most potent positive inotropic agents. The apelin
system’s role in liver fibrosis has been recently described in our laboratory (Principe et
al., 2008). Cirrhotic patients have elevated circulating levels of this peptide, and the
blockade of the receptor with a specific antagonist improved liver fibrosis, systemic
hemodynamics and reduced angiogenesis and ascites volume in cirrhotic rats.

For this study, we used CCl,-treated rats for 13 weeks, to allow enough time for
animals to develop fibrosis. The animals were assigned randomly into 5 groups: 1) a
control group, 2) a group treated with a selective CB2 agonist, AM1241 and 3) the
corresponding vehicle group, and 4) a group treated with an apelin receptor

antagonist, F13A and 5) the corresponding vehicle.

1. Liver function tests, mean arterial pressure and portal pressure in treated and

non-treated fibrotic rats

As anticipated, vehicle animals from both experimental groups presented the

classical alteration of liver function parameters (Table 1), as well as, hyoptension and
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portal hypertension. Of note, is that only chronic administration of CB2 receptor
agonist improved AST and ALT levels in serum, and no other significant changes in
biochemical parameters were observed in the rest of treated rats by either AM1241 or
F13A. However, both treatments ameliorated the hemodynamic function increasing
mean arterial pressure (MAP), splanchnic perfusion pressure (SPP) and decreasing

portal pressure (PP) compared to vehicle-treated rats.

2. Effect of CB2 receptor activation and APJ blockade on liver fibrosis in fibrotic

rats

Sirius red staining quantification of liver samples showed that vehicle rats had
visible fibrosis formation with significant collagen accumulation in the periportal and
perivenular areas and thin portal-to-portal septa formation. Both CB2 stimulation and
APJ blockade treatments prevented the excessive accumulation of matrix fibers
produced in vehicle rats. Figure 1 shows representative images of control, vehicle and
treated rats, as well as, a quantification of the % of fibrotic area, which resulted in a

>50% reduction in treated animals.

3. Effects od CB2 receptor activation and APJ blockade on infiltrating cells, vessel

desity, apoptosis and activated caspase-3 expression

CB2 stimulation and APJ blockade were able to prevent immune cell infiltration
and angiogenesis of new blood vessels compared to vehicle animals (Figure 2 and 3).
Both antifibrogenic agents had a significant effect on apoptosis of the hepatic cells
measured by TUNEL assay as shown on Figure 4A, 4B. The apoptotic cells were located
in the marginof fibrous septa and parenchyma. These results were supported with the
protein quantification of Caspase-3 (Figure 4C, 4D). Both treatments decreased the

activated Caspase-3 expression in the hepatic tissue of fibrotic rats.

4. Effect of CB2 receptor activation and APJ blockade on mRNA of hepatic

profibrogenic genes and protein expression of PDGFRB and TIMP1

The mRNA expression of a panel of key profibrogenic genes involved in cytokine
signaling (PDGFRP and TGFf), HSC activation (a-SMA), collagen accumulation (Colla2)
and ECM turnover genes (MMP2, MMP9, TIMP1 and TIMP2) was analyzed by Real
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Time PCR (Table 2). CCls-induced liver damage upregulated all the genes analyzed as
expected. Both AM1241 and F13A treatments decreased the expression of PDGFRf,
and also the HSC activation marker a-SMA. The most interesting finding, was that both
treatments had a strong effect on ECM turnover genes in favor of ECM degradation.
Table 3 shows the ratios between MMP/TIMP mRNA expression. Compared to vehicle
animals, treated rats with either AM1241 or F13A showed an increased MMP9/TIMP1
and MMP9/TIMP?2 ratio. Finally, PDGFRf and TIMP1 expression, as they seem to be the
major contributory genes, was confirmed by assessing protein levels by western blot.
The results supported mRNA expression results, protein leveles of both genes were

downregulated in treated rats (Figure 5).
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ABSTRACT

Endocannabinoids behave as antifibrogenic agents by interact-
ing with cannabinoid CB2 receptors, whereas the apelin (AP)
system acts as a proangiogenic and profibrogenic mediator in
the liver. This study assessed the effect of long-term stimula-
tion of CB2 receptors or AP receptor (APJ) blockade on fibrosis
progression in rats under a non-discontinued fibrosis induction
program. The study was performed in control and CCl,-treated
rats for 13 weeks. Fibrosis-induced rats received a CB2 recep-
tor agonist (R,S)-3-(2-iodo-5-nitrobenzoyl)-1-(1-methyl-2-pip-
eridinylmethyl)-1H-indole (AM1241) (1 mg/kg b.wt), an APJ
antagonist [Ala'®]-apelin-13 sequence: GIn-Arg-Pro-Arg-Leu-
Ser-His-Lys-Gly-Pro-Met-Pro-Ala (F13A) (75 pg/kg b.wt.), or
vehicle daily during the last 5 weeks of the CCl, inhalation
program. Mean arterial pressure (MAP), portal pressure (PP),
hepatic collagen content, angiogenesis, cell infiltrate, and
mRNA expression of a panel of fibrosis-related genes were

measured in all animals. Fibrosis-induced rats showed in-
creased hepatic collagen content, reduced MAP, portal hyper-
tension, and increased expression of the assessed messengers
in comparison with control rats. However, fibrotic rats treated
with either AM1241 or F13A had reduced hepatic collagen
content, improved MAP and PP, ameliorated cell viability, and
reduced angiogenesis and cell infiltrate compared with un-
treated fibrotic rats. These results were associated with atten-
uated induction of platelet-derived growth factor receptor g,
a-smooth muscle actin, matrix metalloproteinases, and tissue
inhibitors of matrix metalloproteinase. CB2 receptor stimulation
or APJ blockade prevents fibrosis progression in CCl,-treated
rats. The mechanisms underlying these phenomena are coin-
cident despite the marked dissimilarities between the CB2 and
APJ signaling pathways, thus opening new avenues for pre-
venting fibrosis progression in liver diseases.

This work was supported by the Direccién General de Investigacién Cientifica y
Técnica [Grants SAF09-08839, SAF(07-63069] (to W.J. and M.M.-R., respectively);
Agencia de Gestié d’Ajuts Universitaris i de Recerca [Grant SGR 2009/1496]; Direc-
cién General de Investigacién Cientifica y Tecnol6gica [Grant BES-2004-5186] (to
P.M.-L.); and Instituto de Salud Carlos III [“Contrato Post Formacién Sanitaria
Especializada” FIS CM07/00043] (to G.C.). Centro de Investigacién Biomédica en
Red-Enfermedades Hep4ticas y Digestivas was founded by the Instituto de Salud
Carlos III (Spain).

This work was previously presented in part at the following conferences: Reichen-
bach V, Ros J, Ferndndez-Varo G, Mufioz-Luque J, Morales-Ruiz M, Makriyannis A,
and Jiménez W (2008) Chronic stimulation of cannabinoid CB2 receptor represses
fibrosis progression in CCl -treated rats. 59th Annual Meeting of the American Asso-
ciation for the Study of Liver Diseases, 2008 Oct 31-Nov 4; San Francisco, CA.
American Association for the Study of Liver Diseases, Alexandria, VA. Reichenbach
V, Ros J, Fernandez-Varo G, Casals G, Melgar-Lesmes P, Pauta M, Morales-Ruiz M,
and Jiménez W (2010) Activation of the hepatic apelin system is of major relevance in
early stages of liver fibrosis. International Liver Conference 2010; 2010 Apr
14-18; Vienna, Austria. European Association for the Study of the Liver,
Geneva, Switzerland.

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

http://dx.doi.org/10.1124/jpet.111.188078.

Introduction

Inflammation and remodeling are orchestrated responses
ultimately directed to promoting tissue repair after organ
injury. However, maintenance of the injury results in the
activation of a profibrogenic cascade of events in chronic liver
disease that finally leads to cirrhosis. Cirrhosis is a major
determinant of morbidity and mortality and predisposes to
hepatic failure and primary liver cancer. Therefore, halting
the progression of fibrosis to cirrhosis has largely been con-
sidered to be a foremost goal in patients with liver disease
(Friedman, 2010). Inflammation is an early event in the
history of the disease. It occurs before the onset of significant
clinical manifestations and becomes chronic during the evo-
lution of the illness, particularly in patients with viral infec-
tion (Marra, 1999). This dynamic inflammatory state has
been associated with liver fibrogenesis and fibrosis in exper-
imental cirrhosis (Mufioz-Luque et al., 2008). In addition,
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many inflammatory mediators have direct angiogenic activ-
ities and, in turn, angiogenesis contributes to the perpetua-
tion and the amplification of the inflammatory state by pro-
moting the recruitment of inflammatory cells in the
neovasculature (Morales-Ruiz and Jiménez, 2005; Tugues et
al., 2007). Therefore, inflammation, fibrogenesis, and angio-
genesis are three closely related phenomena in chronic liver
disease.

Under this scenario, suitable targets for anti-fibroprolif-
erative therapies should include molecules that are critical in
fibrosis progression and also possess inflammatory and/or
angiogenesis-related properties. In this regard, two recently
characterized endogenous hepatic systems are attracting in-
creasing attention, namely the hepatic endocannabinoid and
apelin systems. Endocannabinoids are lipid-related mole-
cules participating in a wide range of physiological functions
including neuroprotection, pain and motor function, energy
balance and food intake, cardiovascular homeostasis, im-
mune and inflammatory responses, and cell proliferation
(Pacher et al., 2006; Reichenbach et al., 2010; Tam et al.,
2011). These effects are mediated by interaction with two
different types of receptors, the CB1 and CB2 receptors. Of
interest, the CB1 receptor in the liver has been shown to
mediate profibrogenic effects (Teixeira-Clerc et al., 2006)
and has also been implicated in the pathogenesis of alco-
holic and nonaleoholic liver disease (Hézode et al., 2008;
Jeong et al., 2008). On the other hand, CB2 receptor ago-
nism shows opposite antifibrogenic and anti-inflammatory
effects in hepatic and nonhepatic tissue (Mufioz-Luque et
al., 2008; Akhmetshina et al., 2009) and protects against
liver ischemia-reperfusion injury (Horvath et al., 2011).
Previous studies by our laboratory have demonstrated that
the proangiogenic peptide, apelin (AP), is up-regulated in
HSCs of patients with cirrhosis (Melgar-Lesmes et al.,
2010). Furthermore, this peptide behaves as a paracrine
mediator of fibrogenesis-related gene induction in human
HSCs (Melgar-Lesmes et al., 2010), and apelin receptor
(APJ) blockade has shown to be effective in reducing he-
patic fibrosis and angiogenesis in rats with cirrhosis (Prin-
cipe et al., 2008). Recent studies have also suggested that
the apelin system is involved in inflammation and in en-
dothelial cell proliferation (Masri et al., 2004; Daviaud et
al., 2006).

In the present investigation, we sought to examine new
therapeutic strategies to prevent the progression of fibro-
sis in injured livers of rats chronically receiving increasing
doses of CCl,. We assessed the changes in messenger ex-
pression of a panel of genes involved in inflammation
and/or tissue remodeling and the antifibrogenic, antian-
giogenic, and anti-inflammatory effects induced by either
long-term administration of a specific CB2 receptor ago-
nist or a selective APJ receptor antagonist in rats with
experimentally induced fibrosis.

Results

Materials and Methods

Induction of Fibrosis in Rats. Studies were performed in 47
male adult Wistar rats (Charles River Laboratories, Saint Aubin les
Elseuf, France). Rats with fibrosis (n = 37) and control rats (n = 10)
were fed ad libitum with standard chow and water containing phe-
nobarbital (0.3 g/l) as drinking fluid. Fibrosis was induced by CCl,
inhalation as described previously (Claria and Jiménez, 1999). In
brief, animals were exposed to a CCl, vapor atmosphere twice a
week, starting at 0.5 min/exposure. The duration of the exposure was
increased by 1 min after every three sessions until it reached 5 min,
which was used until the end of the investigation. Rats with fibrosis
were studied 13 weeks after the start of the fibrosis induction pro-
tocol. Control rats were studied after a similar period of phenobar-
bital administration. The study was performed according to the
criteria of the investigation and ethics committees of the Hospital
Clinic Universitari.

Selective Activation of CB2 Receptors in Fibrotic Rats. The
hemodynamic and gene expression effects of CB2 receptor activation
were assessed in 20 rats with fibrosis. Ten animals were randomly
assigned to a daily subcutaneous injection of a specific CB2 agonist,
(R,S)-3-(2-i0do-5-nitrobenzoyl)-1-(1-methyl-2-piperidinylmethyl)-
1H-indole (AM1241) at a dose of 1 mg/kg per day b.wt.) (Malan et al.,
2001). In parallel, 10 rats received a solution of ethanol-Cremophor
ELP-saline (1:1:18) as vehicle. AM1241 or vehicle was administered
from the 9th to the 13th week after the start of the fibrosis induction
protocol.

APJ Blockade in Fibrotic Rats. The hemodynamic and gene
expression effects of APJ blockade were assessed in 17 rats with
fibrosis. Seven animals were randomly assigned to a daily subcuta-
neous injection of an APJ antagonist, [Ala'®]-apelin-13 sequence:
Gln-Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-Met-Pro-Ala (F13A) at a
dose of 75 pg/kg per day b.wt. (Phoenix Pharmaceuticals, Belmont,
CA), and 10 rats received 1 ml/kg per day of saline solution as
vehicle. F13A or vehicle was administered from the 9th to the 13th
week after the start of the fibrosis induction protocol.

Hemodynamic Studies. Rats with fibrosis and control rats were
anesthetized with Inactin (50 mg/kg b.wt.; Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany) and prepared with a polyvinyl-50
catheter in the left femoral artery. The animals were prepared for
measurements of hemodynamic parameters as described previously
(Ros et al., 2005). Hemodynamic parameters were allowed to equil-
ibrate for 30 min, and values of mean arterial pressure (MAP), portal
pressure (PP), and heart rate were recorded. Splanchnic perfusion
pressure (SPP) was defined as MAP — PP. At the end of the study,
the animals were exsanguinated and a blood sample (6—9 ml) was
taken to measure standard parameters of hepatic and renal function.

Quantification of Fibrosis and Apoptosis in Hepatic Tissue.
Liver sections (4 wm) were stained in 0.1% Sirius red F3B (Sigma-
Aldrich Chemie GmbH) in saturated picric acid (Sigma-Aldrich Che-
mie GmbH). Relative fibrosis area (expressed as a percentage of total
liver area) was assessed by analyzing 32 fields of Sirius red-stained
liver sections per animal. Each field was acquired at 10X magnifi-
cation (Eclipse E600; Nikon, Kawasaki, Kanagawa, Japan) and then
analyzed using the morphometry software Image.J (version 1.37). To
evaluate the relative fibrosis area, the collagen area measured was
divided by the net field area and then multiplied by 100. Subtraction
of vascular luminal area from the total field area yielded the final

ABBREVIATIONS: AP, apelin; HSC, hepatic stellate cell; APJ, apelin receptor; AM1241, (R,S)-3-(2-iodo-5-nitrobenzoyl)-1-(1-methyl-2-piperidi-
nylmethyl)-1H-indole; F13A, [Ala'®]-apelin-13 sequence: GIn-Arg-Pro-Arg-Leu-Ser-His-Lys-Gly-Pro-Met-Pro-Ala; MAP, mean arterial pressure;
PP, portal pressure; SPP, splanchnic perfusion pressure; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; PDGFRp,
platelet-derived growth factor receptor 8; TGFBR1, transforming growth factor g receptor 1; Col1a2, collagen-la2; a-SMA, a-smooth muscle actin;
TIMP, tissue inhibitor of matrix metalloproteinase; MMP, matrix metalloproteinase; HPRT, hypoxanthine guanine phosphoribosyltransferase; vWF,
von Willebrand factor; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ANOVA, analysis of variance; ECM, extracellular matrix;
PDGF, platelet-derived growth factor; Col1, collagen type 1; C;, comparative threshold cycle.
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calculation of the net fibrosis area. The amount of fibrosis measured
in each animal was analyzed, and the average value is presented as
a percentage.

To determine the degree of hepatic apoptosis, we used the termi-
nal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay to detect cell death using a fluorescein-FragEL DNA Fragmen-
tation Detection Kit (Calbiochem, San Diego, CA) according to the
manufacturer’s protocol. To quantify and compare the rates of cell
death between groups, a semiquantitative scoring method was used.
For each sample, the number of TUNEL-positive cells was counted
per 200X high-power field. At least eight representative fields were
evaluated for each experimental group, from which an average value
was calculated.

Hepatic Messenger Expression of a Panel of Profibrogenic
Genes in Fibrotic Rats. Liver specimens were obtained from each
animal, washed in 0.1% diethyl pyrocarbonate-treated phosphate-
buffered saline salt solution (140 mM NaCl, 8.5 mM Na,HPO,, and
1.84 mM Na,HPO, - H,0, pH 7.4), immediately frozen in dry ice, and
stored in liquid nitrogen. Liver samples from treated and untreated
animals were also fixed in 10% buffered formalin for further hema-
toxylin and eosin and immunostaining analysis. Total RNA was
extracted from the middle liver lobe of control and fibrotic rats using
a commercially available kit (RNAeasy; QIAGEN, Hilden, Ger-
many). The RNA concentration was determined by spectrophotomet-
ric analysis (ND-100 spectrophotometer; Thermo Fisher Scientific,
Waltham, MA). One microgram of total RNA was reverse-tran-
scribed using a ¢cDNA synthesis kit (High-Capacity cDNA Reverse
Transcription Kit; Applied Biosystems, Foster City, CA). Specific
primers and probes used for the different genes studied were de-
signed to include intron spanning using the Universal ProbeLibrary
Assay Design Center through ProbeFinder version 2.45 software
(Roche Diagnostics, Indianapolis, IN; https:/www.roche-applied-
science.com/sis/rtper/upl/index.jsp). A panel of selected profibrogenic
genes was analyzed. The panel included the following: platelet-de-
rived growth factor receptor B (PDGFRB) (probe 69; left 5'-GCG-
GAAGCGCATCTATATCT-3' and right 5-GCGGAAGCGCATC-
TATATCT-3'), transforming growth factor B receptor 1 (TGFBR1)
(probe 53; left 5'-AAGGCCAAATATTCCCAACA-3' and right 5'-
ATTTTGGCCATCACTCTCAAG-3'), collagen-Ia2 (Colla2) (probe
95; left 5'-AGACCTGGCGAGAGAGGAGT-3' and right 5'-ATCCA-
GACCGTTGTGTCCTC-3'), a-smooth muscle actin (a-SMA) (probe
78; left 5'-CATCAGGAACCTCGAGAAGC-3' and right 5'-AGCCAT-
TGTCACACACCAGA-3'), tissue inhibitor of matrix metalloprotei-
nases type 1 (TIMP1) (probe 95; left 5'-CATGGAGAGCCTCTGTG-
GAT-3' and right 5-TGTGCAAATTTCCGTTCCTT-3"), TIMP2
(probe 73; left 5'-GACAAGGACATCGAATTTATCTACAC-3' and
right 5’-CCATCTCCTTCCGCCTTC-3’), matrix metalloproteinase 2
(MMP2) (probe 60; left 5'-CTCCACTACGCTTTTCTCGAAT-3' and
right 5'-TGGGTATCCATCTCCATGCT-3"), and MMP9 (probe 53;
left 5'-CCTGAAAACCTCCAACCTCA-3' and right: 5-GAGTGTA-
ACCATAGCGGTACAGG-3’). Hypoxanthine-guanine phosphoribo-
syltransferase (HPRT) (probe 95: left 5'-GACCGGTTCTGTCAT-
GTCG-3' and right 5-ACCTGGTTCATCATCACTAATCAC-3') was
used as the reference gene. Primers were designed according to rat
sequences (GenBank codes NM_031525.1, NM_012775.2, NM_
053356.1, NM_031004.2, NM_053819.1, NM_021989.2, NM_031054.2,
NM_031055.1, and NM_012583.2, respectively). Real-time quantitative
polymerase chain reaction was analyzed in duplicate and performed
with the LightCycler 480 (Roche Diagnostics). A 10-pl total volume
reaction of diluted 1:8 cDNA, 200 nM primer dilution, 100 nM prevali-
dated 9-mer probe (Universal ProbeLibrary) and FastStart TagMan
Probe Master (Roche Diagnostics) were used in each polymerase chain
reaction reaction. A fluorescence signal was captured during each of the
45 cycles (denaturizing for 10 s at 95°C, annealing for 20 s at 60°C, and
extension for 1 s at 72°C). HPRT was used as a reference gene for
normalization, and water was used as a negative control. Relative
quantification was calculated using the comparative threshold cycle
(Cp), which is inversely related to the abundance of mRNA transcripts
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in the initial sample. The mean C. of duplicate measurements was used
to calculate AC as the difference in Cr for target and reference. The
relative quantity of product was expressed as fold induction of the
target gene compared with the reference gene according to the formula
27226 where AAC, represents ACy values normalized with the mean
ACy of control samples.

Western Blot Analysis of Activated Caspase-3, PDGFR},
and TIMP1. Hepatic tissue from treated and nontreated rats was
individually homogenized as described previously (Mufioz-Luque et
al., 2008). To detect PDGFRB, TIMP1, and activated caspase-3, 80 pg
of total denatured proteins were loaded on a 7% (PDGFRB) and 12%
(TIMP1 and caspase-3) SDS-polyacrylamide gel (Mini-PROTEAN
I1I; Bio-Rad Laboratories, Hercules, CA). Gels were transferred for
2 h to nitrocellulose membranes of 0.45 pm for PDGFRp and to 0.2
pm for TIMP1 and caspase-3 and blocked with 5% nonfat milk for
PDGFRB and 1% bovine serum albumin for TIMP1 and caspase-3 in
TTBS buffer at room temperature for 2 h. All membranes were
stained with Ponceau S Red as a control for protein loading and were
then incubated overnight at 4°C with rabbit polyclonal anti-PDGFRB
(1:1000; Cell Signaling Technology, Danvers, MA), anti-TIMP1 (1:
1000; Abcam, Cambridge, UK), and anti-activated caspase-3 (1:300
dilution; Abcam) for 24, 24, or 48 h, respectively. The bands were
visualized by chemiluminescence (Lumi-Light Western blotting sub-
strate; Roche Diagnostics).

Immunodetection of CD68 and von Willebrand Factor. Liver
sections from cirrhotic rats underwent microwave antigen retrieval
to unmask antigens hidden by cross-linkage occurring during tissue
fixation. Endogenous peroxidase activity was blocked by hydrogen
peroxide pretreatment for 10 min and with 5% goat serum for 45
min. The sections were then stained with mouse anti-CD68 (1:150;
AbD Serotec, Oxford, UK) or with rabbit anti-vWF (1:500; Dako
Denmark A/S, Glostrup, Denmark) and incubated for 1 h at room
temperature or overnight at 4°C, respectively. The LSAB 2 System-
HRP (Dako Denmark A/S) was used for antigen detection, and anti-
gen visualization was achieved with streptavidin peroxidase and
counterstained with hematoxylin.

Measurements and Statistical Analysis. Serum osmolality
was determined from osmometric depression of the freezing point
(Osmometer 3300; Advanced Instruments, Needham Heights, MA)
and Na* and K* concentrations by flame photometry (IL 943; In-
strumentation Laboratory, Lexington, MA). Serum albumin, aspar-
tate aminotransferase (AST), alanine transaminase (ALT), and
lactate dehydrogenase were measured with the ADVIA 2400 Instru-
ment (Siemens Healthcare Diagnostics, Tarrytown, NY). Quantita-
tive data were analyzed using GraphPad Prism 5 (GraphPad Soft-
ware, Inc., San Diego, CA), and statistical analysis of the results was
performed by one-way analysis of variance (ANOVA) with the New-
man-Keuls post hoc test and the Kruskal-Wallis test with the Dunn
post hoc test when appropriate. Data are expressed as means *
S.E.M. and were considered significant at p < 0.05.

Results

Liver Function Tests, Mean Arterial Pressure, and
Portal Pressure in Treated and Nontreated Fibrotic
Rats. Table 1 shows the biochemical tests of liver function,
serum electrolytes, and systemic hemodynamics in fibrotic
rats. As anticipated, in both experimental groups, fibrotic
animals receiving vehicle showed the characteristic altera-
tions of liver function tests, arterial hypotension, and signif-
icant portal hypertension. Chronic administration of the CB2
receptor agonist resulted in an approximately 50% reduction
of ALT and AST levels in serum. No any other significant
effects were observed in the biochemical parameters mea-
sured between vehicle-treated rats and rats receiving either
the CB2 receptor agonist or the APJ antagonist. Of note,



aSpet’ PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS gl

632

Reichenbach et al.

TABLE 1

Results

Body weight, standard liver function, serum electrolytes, and systemic hemodynamics in fibrotic rats receiving vehicle or treated with the CB2

agonist AM1241 or the APJ antagonist F13A

Results are given as means + S.E.

CCl,-Treated Rats
Parameter Control (n = 10) CB2 Stimulation APJ Blockade
Vehicle (n = 10) AM1241 (n = 10) Vehicle (n = 10) F13A(n=17)
Body weight, g 399 + 8 415+ 7 403 = 12 379 =+ 10 3807
AST, UN 117 £ 23 582 + 581+t 295 + 46%** 373 = 7271 431 = 113
ALT, UM 128+1 326 = 2911t 199 + 60* 276 + 8911 282 + 46
Lactate dehydrogenase, U/ 1093 = 106 1127 += 94 1176 * 344 1016 = 178 1851 + 619
Albumin, g/l 36.1 = 0.5 29.3 = 1.5ttt 30.5 = 0.7 29.2 + 0.9611t 30.1 0.8
Serum Na*, mEq/l 142 = 1.6 141 = 1 142 =1 142 + 1 143+ 1
Serum K*, mEq/l 51+0.2 49+ 0.2 49 +0.1 47+ 0.2 50+0.2
Serum osmolality, mOsmol/kg 292 + 6 296 + 1 296 + 2 303 + 3 302 + 3
MAP, mm Hg 121 +1 111 + 3%t 126 + 2%+ 110 = 3t 124 + 2%+
PP, mm Hg 56 0.2 10.2 + 0.4+t 7.6 * 0.8** 11.3 = 0.6111 7.5+ 0,6%F*
SPP, mm Hg 117 + 2 99 + 3%t 117 + 45%* 100 + 41+ 116 + 2%
Heart rate, beats/min 395+ 15 399 = 13 424 + 8 410 = 12 421 + 8

*p < 0.05, compared with vehicle-treated rats (one-way ANOVA with the Newman-Keuls post hoc test and the Kruskal-Wallis test with the Dunn post hoc test when

appropriate).
# p < 0.01.
*xk p < 0.001.
T p < 0.001, compared with control rats.
+p < 0.01.
T+ P < 0.001.
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Fig. 1. A, effect of CB2 receptor activation (AM1241) and APJ blockade (F13A) on liver fibrosis. Sirius red staining of representative liver sections
obtained from control rats, rats treated with vehicle, and rats receiving AM1241 (1 mg/kg per day b.wt.) or F13A (75 pg/kg per day b.wt.). Original
magnification, 100X. Quantification of relative fibrosis area was assessed in 32 fields/animal. B, bars on the right show the quantitative measurement
of relative fibrosis in all the animals. Results are given as means + S.E. **#*, p < 0.001.

however, long-term administration of AM1241 and F13A was
associated with a significant amelioration in hemodynamic
function as reflected by higher MAP and SPP and lower PP in
fibrotic treated rats than in fibrotic rats receiving vehicle.
Effect of CB2 Receptor Activation and APJ Blockade
on Liver Fibrosis in Fibrotic Rats. Sirius red, a dye that
selectively binds collagen proteins, was used to stain the
collagen fibrils in the liver of CCl,-treated rats (Jiménez et
al., 1985). As shown in Fig. 1, both groups of rats had re-
markable fibrosis showing initial stages of the characteristic
pattern of perivenular and periportal deposition of connect-
ing tissue with development of thin portal-to-portal septa
and slight evidence of architectural distortion resulting in
micronodular fibrosis. However, biopsy samples obtained
from fibrotic rats receiving AM1241 and from fibrotic rats

receiving F13A displayed thinner septa and more preserved
hepatic parenchyma than those from nontreated fibrotic an-
imals. This result was confirmed by the morphometric anal-
ysis of all Sirius red-stained sections in which both hepatic
samples of rats collected after CB2 receptor stimulation and
liver biopsy samples obtained after APJ blockade showed a
significant reduction in the percentage of fibrosis area com-
pared with that in sections of the corresponding vehicle-
treated fibrotic rats (Fig. 1).

Effects of CB2 Receptor Activation and APJ Blockade
on Infiltrating Cells, Vessel Density, Apoptosis, and Ac-
tivated Caspase-3 Expression. To assess the density of infil-
trating macrophages/monocytes in the liver tissue of both vehi-
cle and treated rats, CD68-positive cells were quantified in the
parenchymal area and the periportal area. The amount of in-
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Fig. 2. A, effect of CB2 receptor activation (AM1241) and APJ blockade (F13A) on infiltrating cells. CD68 staining of representative liver sections
obtained from control rats, rats treated with vehicle, and rats receiving AM1241 (1 mg/kg per day b.wt.) or F13A (75 pg/kg per day b.wt.). Positive cells
were determined by counting the number of CD68-positive stained cells in 20 independent fields/animal. Original magnification, 400X. B, bars on the
right show the quantitative measurement of infiltrating cells in all the animals. Results are given as means *= S.E. *, p < 0.05; #+*, p < 0.001.
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Fig. 8. A, effect of CB2 receptor activation (AM1241) and APJ blockade (F13A) on vessel density. Immunolocalization of vWF was used to quantify
vessel density in liver sections obtained from control rats, rats receiving vehicle, or rats treated with either AM1241 (1 mg/kg per day b.wt.) or F13A
(75 pg/kg per day b.wt.). Positive staining was determined counting vWF-positive stained vessels in 20 independent fields/animal. Original
magnification, 100X. B, bars on the right show the quantitative measurement of vessel density in all animals. Results are given as means * S.E. s#x,

p < 0.001.

filtrated cells was significantly higher in CCl,-treated rats com-
pared with that in controls. Chronic treatment with the CB2
receptor agonist or the APJ antagonist significantly decreased
the number of CD68-positive cells in the liver of fibrotic rats
(Fig. 2). Next, to evaluate whether AM1241 or F13A treatment
may exert an antiangiogenic effect, anti-vWF antibody was
used to quantify the number of vessels. There was a significant
decrease in the amount of blood vessels in both AM1241- and
F13A-treated animals compared with that for vehicle (Fig. 3).
To explore whether antifibrogenic treatments may modify
apoptosis, we performed in situ detection of nuclear DNA frag-
mentation by the TUNEL assay in liver sections of treated and
nontreated fibrotic rats. As a positive control of the TUNEL
assay, apoptosis was induced by incubation of liver sections

with DNase I. No staining was observed in the negative control
in which the terminal deoxynucleotidyl transferase enzyme was
omitted (data not shown). Liver sections from fibrotic rats
showed positive TUNEL staining cells with immunoreactivity
localized to the margin of the fibrous septa and parenchyma
(Fig. 4). However, the number of positive cells for TUNEL
staining significantly decreased in hepatic sections of animals
treated with AM1241 and F13A compared with the vehicle
group (6 = 1 versus 3 = 0 positive cells/field, p < 0.001 and 5 =
0 versus 3 * 1 positive cells/field, p < 0.001, respectively).
Finally, we measured the amount of active caspase-3 in livers of
control, vehicle-treated, AM1241-treated, or F13A-treated ani-
mals. As shown in Fig. 4, the amount of activated caspase-3 was
significantly higher in fibrotic rats than in controls. Of interest,
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Fig. 4. Effect of CB2 receptor activation and APJ blockade on apoptosis. A, representative TUNEL assay in hepatic tissue of control rats and fibrotic
rats receiving vehicle (CCl,) or treated with the CB2 receptor agonist (CCl, + AM1241) or the APJ antagonist (CCl, + F13A). The number of positive
cells was determined by counting the number of positively stained cells in eight independent fields per animal (original magnification, 200X). B, bars
at the bottom show the quantitative measurement of TUNEL-positive cells in all animals. C, Western blot for activated caspase-3 on liver tissue of
control rats (CT), fibrotic rats receiving vehicle (CCl,), and fibrotic rats treated with either AM1241 (CCl, + AM1241, 1 mg/kg per day b.wt.) or F13A
(CCl, + F13A, 75 pg/kg per day b.wt.) for 5 weeks. Eighty micrograms of protein was loaded per lane. D, bars at the bottom show the densitometric
analysis of all the samples normalized to B-actin. Results are given as means + S.E. a, p < 0.05; b, p < 0.01; ¢, p < 0.001 versus control; **, p < 0.01;
#%, p < 0.001 versus CCl,.

both CB2 receptor stimulation and APJ blockade signifi- chronic in vivo CB2 stimulation or APJ blockade prevents
cantly reduced activated caspase-3 expression in the he- proangiogenic and apoptotic phenomena in the liver of
patic tissue of fibrotic rats. These findings indicate that CCl,-induced fibrotic rats.

TABLE 2

Gene expression of PDGFRB, TGFBR1, Colla2, «-SMA, MMP2, MMP9, TIMP1, and TIMP2, measured in the hepatic tissue of reference control
rats and in fibrotic rats receiving vehicle or treated with the CB2 agonist AM1241 or the APJ antagonist F13A

Results are given as means + S.E.

CCl,-Treated Rats

(falggggige) Control (n = 10) CB2 Stimulation APJ Blockade
Vehicle (n = 10) AM1241 (n = 10) Vehicle (n = 10) F13A(n =17
PDGFRB 1.02 = 0.11 3.74 = 0.81} 122 + (.27%* 4.87 + 0.92117 2.36 + 0.37*
TGFBR1 1.08 = 0.21 1.46 = 0.40 0.64 = 0.06 2.05 = 0.15%% 1.81 = 0.35
Colla2 1.04 = 0.12 9.40 + 1.3111 742 + 1.61 9.80 = 1951717 6.23 = 1.39
a-SMA 1.10 = 0.02 9.19 + 1.701t 3.57 = 0.89%* 6.39 = 0.48f 2.27 + 1.30%
MMP2 0.97 = 0.08 8.13 + 1.39ft 4.35 + 0.82% 9.49 + 1.231% 5.56 + 0.73*
MMP9 1.04 = 0.07 20.05 = 4.121 23.5 + 5.42 14.46 * 3.881t 1432 = 1.18
TIMP1 1.05 = 0.18 12.42 + 1.90%t 6.28 + 1.10** 8.97 + 139117 3.43 + 0.56%*
TIMP2 1.02 = 0.08 3.11 = 0.3511t 1.89 * 0.15** 3.56 = 0.531% 242 + 0.36

* p < 0.05, compared with vehicle-treated rats (one-way ANOVA with the Newman-Keuls post hoc test and the Kruskal-Wallis test with the Dunn post hoc test when
appropriate).

** 1 < 0.0L

% p < 0.001.

T p < 0.05, compared with control rats.

+p < 0.01.

+p < 0.05.
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Effect of CB2 Receptor Activation and APJ Blockade
on mRNA of Hepatic Profibrogenic Genes and Protein
Expression of PDGFRp and TIMP1. For further insight
into the effect of AM1241 and F13A in fibrotic rats, we
measured hepatic mRNA expression of a panel of selected
genes involved in cytokine signaling (TGFBR1 and
PDGFRB), collagen synthesis (Colla?2), stellate cell activa-
tion (a-SMA), and extracellular matrix (ECM) turnover
(MMP2, MMP9, TIMP1, and TIMP2) (Table 2). After 13
weeks of CCl, treatment, all the genes analyzed were up-
regulated in fibrotic rats compared with control animals.
TGFBR1 was the least, albeit significantly, activated tran-
script (approximately a 2-fold increase), whereas the most
intensely up-regulated messengers were those related to
ECM turnover, such as MMP9 and TIMP1. The antifibro-
genic properties displayed by AM1241 and F13A were paral-

TABLE 3

MMP/TIMP ratios calculated from the mRNA expression of MMP2,
MMP9, TIMP1, and TIMPZ2 in liver tissue of fibrotic rats receiving vehicle
or treated with the CB2 agonist AM1241 or the APJ antagonist F13A

Results are given as means + S.E.

CCl,Treated Rats

Gene Ratio CB2 Stimulation APJ Blockade
Vehicle AM1241 Vehicle F13A
MMP2/TIMP1 091 +=0.24 0.88 =0.21 1.43 = 0.27 1.56 = 0.12
MMP2/TIMP2 266 =048 2.18+0.27 2.80*0.26 2.09*0.13
MMPY/TIMP1 1.79 + 040 4.56 = 0.96* 2.13 + 0.54 4.91 + 1.0*%
MMPY/TIMP2 6.75 = 1.36 15.7 = 3.47* 439 +1.04 9.14 = 3.35
*p < 0.05; unpaired Student’s ¢ test.
A PDGFR(
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leled by a decrease in mRNA expression in these genes. In
fact, both the CB2 agonist and the APJ antagonist inhibited
PDGFRp expression and significantly reduced the degree of
activation of HSCs as shown by the decrease in the mRNA
expression of a-SMA. However, the most interesting finding
was that both treatments significantly altered the expression
balance of the transcripts involved in ECM turnover, thus
favoring ECM degradation. In fact, although neither AM1241
nor F13A treatment modified MMP9 expression, both com-
pounds induced a significant reduction in TIMP abundance,
which, in turn, resulted in a marked increase in the MMP/
TIMP gene expression ratio (Table 3).

Because inhibition of mRNA expression of PDGFRB and
TIMP1 appeared to be major contributory factors to the an-
tifibrotic properties of both AM1241 and F13A treatments,
we next assessed whether CB2 receptor stimulation or APJ
blockade was also associated with lower hepatic abundance
of PDGFRB and TIMP1 proteins. As shown in Fig. 5,
PDGFRpB and TIMP1 expression were significantly reduced
in fibrotic rats treated with AM1241 or F13A compared with
fibrotic animals treated with vehicle.

Discussion

The results of this investigation indicate that chronic ad-
ministration of either AM1241 or F13A reduces hepatic col-
lagen deposition in rats under a non-discontinued fibrosis
induction program. These findings indicate that long-term
CB2 receptor stimulation or signaling disruption of the he-
patic apelin system prevents fibrosis progression in CCl,-

TIMP1
cT cel, cCl, + AM1241
p— " @ m B -29Kda
CCI, + F13A
.
- - ¢ e 37Kda

TIMP1 densitometry

il

CT CCly CCly
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Densitometry
Arbitrary Units
- - »
- ' L

=
G

CT cClL CCl
+F13A

Fig. 5. A, effect of CB2 receptor activation and APJ blockade on protein expression of PDGFRB and TIMP1. Representative Western blot for PDGFRB
and TIMP1 in liver tissue of control rats (CT), fibrotic rats receiving vehicle (CCl,), and fibrotic rats treated with either AM1241 (CCl, + AM1241, 1
mg/kg per day b.wt.) or F13A (CCl, + F13A, 75 pg/kg per day b.wt.) for 5 weeks. Eighty micrograms of protein was loaded per lane. B, bars at the
bottom show the densitometric analysis of all the samples normalized to GAPDH. Results are given as means + S.E. a, p < 0.05; b, p < 0.01;¢,p <

0.001 versus control; *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus CCl,.
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treated rats. Qur results also indicate that the molecular
mechanisms ultimately underlying these phenomena are co-
incident despite the marked dissimilarities between the CB2
and APJ signaling pathways, thus opening new avenues for
preventing fibrosis progression in liver diseases.

In fact, the chronic administration of either AM1241 or
F13A to rats under a CCl,-induced fibrosis/cirrhosis protocol
resulted in significantly decreased hepatic collagen deposi-
tion, which was associated with a significant amelioration in
systemic and portal hemodynamics, reduced angiogenesis,
inflammatory infiltrate, and apoptosis compared with that in
rats under the same fibrosis induction protocol but treated
with vehicle. Moreover, animals receiving the CB2 agonist
also showed signs of attenuated liver inflammation as in-
dicated by decreased serum AST and ALT enzymes. All
these changes were framed by reduced expression of mes-
sengers related to PDGF signaling, HSC activation, and
ECM turnover.

Our group and others have previously described the anti-
fibrogenic properties of CB2 receptor stimulation in experi-
mental models of advanced liver disease (Julien et al., 2005;
Liu et al., 2008; Mufioz-Luque et al., 2008). Whereas the
experimental design of these studies focused on fibrosis re-
gression, here we assessed whether CB2 agonism is able to
prevent fibrosis progression even under conditions of main-
taining the hepatic injury. We administered the CB2 receptor
agonist AM1241 to rats under a fibrosis induction protocol.
AM1241 is among the most selective receptor agonists cur-
rently available. For CB2 and CB1 receptors, the binding
affinity (X)) is 3.4 and 239.4 nM, respectively, and previous
experiments have provided pharmacological and biochemical
evidence that AM1241 selectively activates the CB2 receptor
in vivo in mice, rats, and human cell lines (Malan et al., 2001;
Ibrahim et al., 2003; Yao et al., 2006). The absence of central
effects induced by CB2 agonism has been the major rationale
to propose this mechanism as an antifibrogenic therapy.
However, previous studies showed that pharmacological ac-
tivation of the CB2 receptor signaling pathway may also
induce inflammation in adipose tissue but not in the liver
(Deveaux et al., 2009). In agreement with these findings,
treatment with the CB2 agonist, in addition to stopping
fibrosis progression and angiogenesis, was also associated
with decreased serum levels of AST and ALT and reduced
inflammatory infiltrate. An interesting finding of this study
was that in contrast to what we had previously found in
cirrhotic rats (Mufioz-Luque et al., 2008), administration of
AM1241 inhibited apoptosis in fibrotic animals. Although we
do not have any experimental data to explain this phenom-
enon, we believe that it is probably related to the different
degrees of active fibrogenesis between the two groups of
CCl,-treated animals. In fact, in the former study, the rats
had fully established cirrhosis and the active fibrogenesis
was much lower than that in the animals of the current
investigation that were within the initial phases of fibrosis
development (Gressner et al., 2007; Iredale, 2007). There are
a number of potential mechanisms mediating the effects of
CB2 receptor stimulation on hepatic fibrosis. They are prob-
ably related to the strong abundance of these receptors in
nonparenchymal and biliary cells located within and at the
edges of fibrotic septa that directly mediate growth arrest
and antifibrotic and proapoptotic actions in hepatic cells (Ju-
lien et al., 2005; Liu et al., 2008). Whatever the case, how-

Results

ever, our results indicate that selective pharmacological ac-
tivation of the CB2 receptor is effective in preventing fibrosis
progression in experimental liver disease.

There is much experimental evidence indicating that the
hepatic apelin system is an important mediator of the initi-
ation and maintenance of the inflammatory and fibrogenic
processes occurring in the cirrhotic liver (Principe et al.,
2008; Melgar-Lesmes et al., 2010, 2011). In fact, AP is selec-
tively expressed in HSCs of humans and rats with cirrhosis
and markedly stimulates PDGFRB, collagen type 1 (Coll),
and cell viability in LX-2 cells, a human cell line of activated
stellate cells. In contrast, APJ blockade significantly re-
gressed hepatic fibrosis and angiogenesis in cirrhotic animals
and prevented the induction of PDGFRB and Coll expression
induced by profibrogenic agents in LX-2 cells. In the current
investigation, we chemically disrupted APJ signaling using
F13A. This is an analog of apelin-13 in which the phenylal-
anine at the C terminus of the peptide is substituted by an
alanine residue that behaves as an AP-specific antagonist
(Melgar-Lesmes et al., 2010). Interaction of this competitive
antagonist with APJ fully abolishes the biological activity of
AP (Lee et al., 2005).

Acquisition of a proliferative, proinflammatory, and con-
tractile phenotype by quiescent stellate cells is the most
characteristic response of activated HSCs to chronic liver
injury. Our experiments indicate that the APJ antagonist
exerts its antifibrogenic effect by acting on different steps of
this process. Chronic administration of F13A strongly re-
duced a-SMA, a well accepted marker of hepatic myofibro-
blasts, suggesting that APJ antagonism in vivo represses the
activation of HSCs in CCl,-treated rats.

The current investigation indicates that in addition to fa-
voring cell viability, CB2 stimulation or APJ blockade also
interferes with the production of profibrogenic mediators pro-
duced during chronic liver injury and the concomitant tissue
repair. In this regard, the inhibitory effect on PDGF signal-
ing shared by both AM1241 and F13A is noteworthy, consid-
ering that PDGF is the most potent proproliferative cytokine
for HSCs (Pinzani et al., 1989; Friedman, 2008).

Pharmacological stimulation of the CB2 receptor or inhi-
bition of AP activity also appears to affect the synthesis of
molecules implicated in ECM remodeling. The net deposition
of scar tissue depends on the balance between synthesis and
degradation. The latter reflects the relative activity of MMPs
and their inhibitor TIMPs, which are mainly produced by
HSCs and other inflammatory cells (Iredale, 2007; Friedman,
2008). In experimental and human cirrhosis, fibrosis appears
to be the result not only of excessive ECM synthesis but also
of reduced degradation, which is caused by the up-regulation
of TIMPs, inactivating the concurrently secreted MMPs (Ire-
dale, 2007). According to these mechanisms, the untreated
fibrotic rats in our experiments presented a marked induc-
tion of Colla2 gene expression as well as a significant up-
regulation of the MMPs. This result can be explained as a
compensatory mechanism designed to eliminate the excess of
scar tissue. However, the concomitant TIMP induction over-
whelmed MMP activity, thereby leading to a net ECM depo-
gition in the liver. ECM remodeling is indeed regulated by
the balance between MMPs and TIMPs rather than by their
absolute levels (Iredale, 2007). Therefore, several investiga-
tions have proposed that the inhibitory activity of TIMPs is
the leading regulator of the remodeling process (Arthur,
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2000; Iredale, 2007). In our study, treatment with both
AM1241 and F13A was associated with a significant increase
in the MMP/TIMP ratio in agreement with the inhibition of
fibrosis progression. This altered balance was due to TIMP1
inhibition rather than to a further activation of MMPs and
further supports the concept that TIMP activity is a major
regulator of the ECM degradation pattern in the injured liver
by controlling the activity of the secreted MMPs.

Tissue repair is a homeostatic response toward tissue in-
jury, in which multiple and complex proinflammatory, proan-
giogenic, and profibrogenic processes are activated. In the
liver, maintenance of tissue aggression results in the perpet-
uation of these phenomena, the wound-healing response pro-
gressively leading to advanced fibrosis and eventually cirrho-
sis. Breaking this vicious circle is a major challenge to
stopping fibrosis in patients with liver disease. In the current
investigation, we have shown that stimulation of CB2 recep-
tors or blocking the activity of the hepatic apelin system is
able to attenuate collagen deposition in CCl -treated rats
through common mechanisms. In fact, despite the marked
differences in the signaling pathways driving endocannabi-
noids and AP antifibrogenic effects, both inhibit PDGFRB
expression and alter MMP/TIMP balance by decreasing
TIMP1 messenger and protein abundance. These results,
therefore, point to PDGF signaling and TIMP1 activity as
major targets for future antifibrotic therapies.
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3" Article: Adenoviral dominant negative soluble sSPDGFRf3 improves hepatic
collagen, systemic hemodynamics and portal pressure in fibrotic rats.

This third study has two main parts. First, we studied the relationship between the
activation of PDGFRf, the hemodynamic dysfunction (MAP and PP) and the
progression of fibrosis in a group of CCls-treated rats for different periods of time that
developed variable degrees of fibrosis. Second, we investigated the effect of the
impairment of PDGF system signaling by the in vivo administration of an adenovirus

encoding for a soluble form of PDGFRf.

1. Hepatic collagen accumulation is progressive during the evolution of the liver

disease

CCls-treated animals were classified into two different groups according to the
histological analysis of fibrosis represented by the % of fibrosis area compared to total
area of the biopsy. An additional control group was also added (<1% of fibrosis area),
the second group included fibrotic animals (1- 10% of fibrotic area) and the third group
comprised cirrhotic animals some with ascites formation (>10% of fibrotic area). The
collagen content increased in parallel with the worsening of fibrosis, reaching
maximum values in cirrhotic animals. Figure 1A shows representative images of each
group. While the control animals had no alterations in the liver parenchyma, the
fibrotic animals showed initial formation of thin fibrotic septa, and cirrhotic rats

presented tick fibrotic septa and well formed regenerative nodules.

2. Hemodynamic deterioration and mRNA expression of PDGFRf directly correlate

with the hepatic collagen content

Progressive hepatic architecture disruption was associated with the worsening of
systemic and portal hemodynamics. Cirrhotic rats had a significant lower MAP and
increased PP compared to fibrotic and control rats. Moreover, both parameters
correlated with the hepatic collagen content (Figure 1B). On the other hand, PDGFRP
MRNA expression was also assessed in the three experimental groups. As expected,
PDGFRP mRNA expression increased progressively and was also significantly correlated

with the collagen accumulated in the hepatic tissue.
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3. In vitro adenoviral transduction in HepG2 cells and circulating sPDGFRf in

fibrotic rats after adenoviral transduction

HepG2 cells (a human hepatocyte cell line) were transduced with the adenoviral
construct encoding for both sPDGFRP and f-gal (used as a viral transduction control).
Protein expression analysis showed that the extracellular domain (ECD) of PDGFR was
present in the supernatant of those cells transduced with Ad-sPDGFRf, but not in the
cells transduced with Ad-f-gal or saline (Figure 2A). In vivo experiments were also
carried out in CCl,-treated fibrotic rats transduced with Ad-PDGFRf, Ad-f3-gal or saline
as vehicle. Seven days after the transduction, the ECD of PDGFRf was detected in the
serum of fibrotic and control rats transduced with the adenovirus encoding for

sPDGFRp, but not in rats transduced with Ad-f3-gal (Figure 2B).

4. Body weight, standard liver and renal function tests results in fibrotic rats after

adenoviral transduction

Table 1 shows the results of the serum analysis of liver and renal function
parameters. Fibrosis produced by the hepatotoxicity of CCls, induced an increase of
AST and LDH, as well as an increase of serum creatinine. However, no significant

changes were found in transduced rats with Ad-sPDGFRf or 3-gal.

5. Adenoviral expression of sPDGFRf improves systemic and portal hemodynamics

in fibrotic rats

As anticipated, rats treated with either saline or Ad-B-gal presented arterial
hypotension, decreased peripheral resistance and portal hypertension. In contrast, the
transduction of the adenovirus encoding for Ad-PDGFRf was associated with a marked
improvement of hemodynamic parameters, as reflected by the increase of MAP and
decrease of PP. In addition, sPDGFRB administration also improved total peripheral

resistances (TPR) and splanchnic perfusion pressure (SPP) (Table 2).

6. Adenoviral expression of sSPDGFRf inhibits PDGFRf signaling and a.-SMA protein

expression in the liver of fibrotic rats
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In order to ascertain whether the transduction of the adenovirus was effective in
inhibiting the PDGFRf signaling pathway, protein expression of total ERK 1/2 and p-
ERK 1/2 was assessed. Figure 3 shows a representative western blot of saline, 3-gal,
and PDGFRp experimental groups. Animals that received the Ad-PDGFRP adenovirus
presented a decrease of hepatic phosphorylation of ERK 1/2 compared with $-gal or
saline groups. Next, to assess if SPDGFR[ transduction had any effect on cell activation,
protein expression of a-SMA was also measured. Indeed, there was a decrease of a-
SMA, suggesting that the adenovirus encoding for sSPDGFRP3 was able to block PDGF

downstream signaling, as well as reduce HSC activation.

7. Decreased hepatic collagen accumulation induced by sPDGFRf expression in

fibrotic rats

All results up to this point showed that the transduction of the adenovirus
encoding for sPDGFRf have beneficial effects regarding systemic and portal
hemodynamics and cell proliferation. The benefits of this treatment were also
reflected in the degree of collagen content in the hepatic tissue. Figure 4 shows a
representative image of Sirius red stained liver sections of animals administered with

saline, B-gal and sPDGFRf-treated rats.
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Adenoviral dominant-negative soluble PDGFRp improves
hepatic collagen, systemic hemodynamics, and portal pressure
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Background & Aims: Platelet-derived growth factor (PDGF) is
the most potent stimulus for proliferation and migration of stel-
late cells. PDGF receptor p (PDGFRp) expression is an important
phenotypic change in myofibroblastic cells that mediates prolif-
eration and chemotaxis. Here we analyzed the relationship
between PDGFRP expression, hemodynamic deterioration, and
fibrosis in CCls-treated rats. Thereafter, we investigated the
effects produced by an adenovirus encoding a dominant-negative
soluble PDGFRB (sPDGFRB) on hemodynamic parameters,
PDGFRp signaling pathway, and fibrosis.

Methods: Mean arterial pressure, portal pressure, PDGFRf mRNA
expression, and hepatic collagen were assessed in 6 controls and
21 rats induced to hepatic fibrosis/cirrhosis. Next, 30 fibrotic rats
were randomized into three groups receiving iv saline and an
adenovirus encoding for sPDGFRB or [-galactosidase. After
7 days, mean arterial pressure, portal pressure, serum sPDGFR,
and hepatic collagen were measured.

Results: CCl,-treated animals for 18 weeks showed a signifi-
cantly higher increase in PDGFRf mRNA compared to those trea-
ted for 13 weeks and control rats. In CCl;-treated rats, the fibrous
tissue area ranged from moderate to severe fibrosis. A direct rela-
tionship between the degree of fibrosis, hemodynamic changes,
and PDGFRp expression was observed. Fibrotic rats transduced
with the adenovirus encoding sPDGFRp showed increased mean

Keywords: Hepatic collagen; Systemic hemodynamics; Portal pressure; PDGFRp;
Ad-sPDGFRp adenoviruses; Signaling pathway blockade.
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arterial pressure, decreased portal pressure, lower activation of
the PDGFRp signaling pathway, and reduced hepatic collagen
than fibrotic rats receiving p-galactosidase or saline.
Conclusions: PDGFRp activation closely correlates with hemody-
namic disorders and increased fibrosis in CCls-treated rats. Aden-
oviral dominant negative soluble PDGFRp improved fibrosis. As a
result, the hemodynamic abnormalities were ameliorated.

© 2012 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Liver fibrosis occurs as a result of an accumulation of connective
tissue in the liver due to an imbalance between production and
degradation of extracellular matrix proteins. After liver damage,
hepatic stellate cells (HSC) are activated and transdifferentiate into
myofibroblast-like cells acquiring contractile, proliferative, and
fibrogenic properties [1]. Under this scenario, increased
cytokine response occurs through multiple mechanisms, including
increased expression of membrane receptors and increased signal-
ing. In this regard, tyrosine kinase receptors are widely overexpres-
sed in liver damage and mediate many of the responses of stellate
cells to cytokines [2]. Platelet-derived growth factor (PDGF) is a
family of dimeric isoforms that target a broad spectrum of meso-
derm-derived cells, such as fibroblasts, pericytes, smooth muscle
cells, glial cells or mesangial cells [3]. PDGF is the most potent stim-
ulus for proliferation and migration of HSC [4,5]. The PDGF iso-
forms bind to two distinct receptor tyrosine kinases. PDGFRx is
constitutively expressed in quiescent HSCs, while PDGFRp is
acquired in cells undergoing myofibroblastic phenotypic changes.
Both the PDGF ligand and its receptor type B are rapidly induced
in vivo and in culture [6,7]. Binding of the ligand leads to autophos-
phorylation of the receptors on tyrosine residues and this event
induces activation of several signaling molecules [8]. Downstream
consequences of PDGF signaling in stellate cells include signaling
by PI3 kinase, ERK, and other pathways [9-11]. Previous publica-
tions had described a significant overexpression of PDGFRB mRNA
and protein in an experimental bile duct-ligated (BDL) rat model
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and in HSC and myofibroblasts [12]. In addition, the expression of
PDGF and its receptor subunits in liver tissue obtained from
patients with chronic diseases correlates closely with the degree
of necroinflammation and fibrosis [13]. This cytokine binds to
PDGFRB, activates Ras and consequently propagates the stimula-
tory signal through the phosphorylation pathway of Raf-1, MEK,
and ERK1/2. ERK activation regulates proliferation and chemotaxis
of HSC, and modulates nuclear signaling [14]. We have recently
described that PDGFRf mRNA is overexpressed in the liver of rats
subjected to chronic inhalation of carbon tetrachloride (CCl,) as
compared to control animals. Moreover, we have reported the anti-
fibrogenic effects of endocannabinoids and apelin, which are asso-
ciated with the inhibition of PDGFRp expression [15].

In the present study, we assessed the relationship between
activation of PDGFRB, hemodynamic deterioration, and progres-
sion in hepatic fibrosis in CCl,-treated rats and, thereafter, ana-
lyzed the hemodynamic and antifibrotic effects produced by
the adenoviral transduction of a dominant-negative soluble form
of PDGFRB (sPDGFRB).

Materials and methods

Induction of fibrosis in rats

The study was performed in 51 male Wistar rats with fibrosis and in 12 control
Wistar rats (Charles-River, Saint Aubin les Elseuf, France). Fibrosis was induced
by repetitive CCl, inhalation [16]. Rats were fed ad libitum with standard chow
and water containing phenobarbital (0.3 gL ') as drinking fluid. Animals were
exposed to CCl, vapor atmosphere twice a week starting with 0.5 min per expo-
sure. The duration of exposure was increased to 1 min after three sessions, to
2 min after three more sessions, to 3 min after three more sessions, to 4 min after
three more sessions, and then to 5 min until the end of the study.

Relationship between fibrosis progression, systemic hemodynamics, portal pressure,
and PDGFRp expression in CCly-treated rats

To assess whether hepatic fibrosis directly correlates with PDGFR expression,
CCl,-treated rats were analyzed at week 13 (n =13} and 18 (n = 8) after initiation
of the fibrosis-inducing protocol. Animals were anesthetized with Inactin®
(100 mg/kg bw, Sigma-Aldrich Chemie GmbH, Steinherim, Germany). A blood
sample (1 ml) was obtained from each animal to perform standard liver and renal
function tests, Hemodynamic parameters were allowed to equilibrate for 30 min
and values of mean arterial pressure (MAP), portal pressure (PP), and heart rate
(HR) were recorded. Animals were sacrificed by isofluorane overdose and liver
specimens were collected to analyze liver histology, hepatic collagen content,
and mRNA expression of PDGFRS. Control rats (n = 6) were studied after similar
periods of phenobarbital administration alone,

Effect of sSPDGFRf on fibrosis progression, systemic hemodynamics, and portal
pressure in CCly-treated rats

To investigate the hemodynamic and antifibrogenic effect of blocking PDGFRp
activation, CCls-induced fibrosis rats were studied 18 weeks after initiation of
the fibrosis induction protocol. Thirty fibrotic rats without ascites were adminis-
tered recombinant adenoviruses or saline via the tail vein. The 30 fibrotic animals
included in this protocol were randomly assigned to one of the following groups:
(A) 10 animals were administered adenoviruses encoding p-galactosidase (p-gal)
(5 x 10'? plaque-forming units (pfu) in 500 pl of saline), (B) 10 animals were
administered adenoviruses encoding sPDGFRP (5 x 10'° pfu in 500 ul of saline),
and (C) 10 animals received saline (500 pul). Seven days after the iv administration
of adenoviruses or saline, animals were anesthetized with Inactin® (100 mg/
kg bw, Sigma-Aldrich). A blood sample (1 ml) was obtained from each animal
to perform standard liver and renal function tests. The circulating levels of
sPDGFRp were analyzed including a fourth group of 6 control rats that received
Ad-sPDGFRp adenoviruses (5 = 10'° pfu in 500 pl of saline) as positive control.
Hemodynamic parameters were allowed to equilibrate for 30 min, and MAP, PP,
HR, and cardiac output (CO) were recorded. Animals were sacrificed by isofluora-
ne overdose and liver specimens were collected to analyze hepatic collagen con-
tent and protein expression of sSPDGFR, total ERK1/2, P-ERK1/2, and «-SMA.
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Cell purification and culture

Human embryonic kidney (HEK) 293 cells and HepG2 cells (a human cell line of
hepatocytes) were obtained from the American Type Culture Collection (ATCC;
Manassas, Virginia, USA), These immortalized, stable cell lines can be repeatedly
frozen, thawed, and propagated. HEK 293 cells were maintained in DMEM with
10% heat-inactivated fetal calf serum, 50 Ufml penicillin, 50 pg/ml streptomycin,
and 2 mmol/L .-glutamine. HepG2 cells were cultured as previously described [17].

Adenoviral constructs

Two replication-defective recombinant adenoviral constructs were used. These
constructs, under the control of the cytomegalovirus promoter, expressed a dom-
inant-negative soluble PDGFRP encoding for the extracellular domain (ECD) of the
PDGF receptor type B, fused into the I[gGFc domain of human immunoglobulin or
B-gal [18,19]. All vectors were propagated in the HEK 293 cell line, and titers were
determined by standard plaque assay [20].

In vitro viral transduction

HepG2 cells were infected with 100 multiplicity of infection (m.o.i) of adenovirus
encoding sPDGFRp or fi-gal for 3 h. The adenoviruses were removed, and cells
were left to recover for 24 h in complete medium. Next, cells were serum-starved
for 18 h. Finally, supernatants and cells were harvested, Supernatants were con-
centrated by ultrafiltration using Amicon® Ultra-4 Centrifugal Filter Devices (Mil-
lipore, Billerica, MA) and were then subjected to Western blot analysis with a
specific antibody for the ECD of PDGFRp.

Hemodynamic studies

See Supplementary Materials and methods.

Fibrosis quantification

See Supplementary Materials and methods.

Hepatic mRNA expression of PDGFRf

See Supplementary Materials and methods.

Western blot analysis of PDGFRE, total ERK1/2, P-ERK1/2, and x-SMA
See Supplementary Materials and methods,

Measurements and statistical analysis

Serum sodium and potassium were determined by flame photometry (IL 943,
Instrumentation Laboratory, Lexington, MA). Serum creatinine, alanine transam-
inase (ALT), aspartate transaminase (AST), and lactate dehydrogenase (LDH) were
measured with the ADVIA 1650 Instrument (Siemens Healthcare Diagnostics, Tar-
rytown, NY).

Statistical analysis of the results was performed by one-way analysis of var-
iance (ANOVA), Bonferroni's post hoc test, paired and unpaired Student's t-tests
and Pearson’s correlation when appropriate. Results are given as mean + SEM
and were considered significant at a p level of 0.05 or less.

The study was performed according to the criteria of the Investigation and
Ethics Committee of the Hospital Clinic Universitari.

Results

Hepatic collagen accumulation is progressive during the evolution of
liver disease

The individual response to the fibrosis-induction protocol varied
widely from animal to animal. For the first part of the study, we
staged animals into two different groups according to the
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histological analysis by Sirius red staining based on the percent-
age of fibrotic area compared to the total area of biopsy: in the
first group, n=10 were considered fibrotic (1-10% of fibrotic
area), and in the second group, n=11 were histologically cir-
rhotic (>10% of fibrotic area). The collagen content in cirrhotic
rats (14.93 +0.90) was significantly higher in comparison to
fibrotic animals (5.11 + 0.66, p <0.001). It is of note that none of
the rats in the first group developed ascites, while 9 out of 11 rats
in the cirrhotic group had at least 5 ml of ascites. Control rats dis-
played no alterations in liver histology and had an almost negli-
gible amount of fibrotic tissue (1.00 + 0.10, p <0.05 in comparison
to fibrotic and cirrhotic values). Most of the cirrhotic animals
were characterized by the formation of regenerative nodules sep-
arated by fibrotic septa (Fig. 1A).

Hemodynamic deterioration and mRNA expression of PDGFRS
directly correlate with hepatic collagen content

Progressive hepatic tissue disruption was associated with the
worsening of systemic hemodynamics and increased portal
hypertension. Cirrhotic rats had a significantly lower MAP com-
pared to fibrotic rats and controls (p <0.05 vs. control and fibrotic
animals). In the same way, PP increased steadily when comparing
controls to fibrotic and cirrhotic rats (p <0.05 between control
and fibrotic rats, and p <0.05 between fibrotic and cirrhotic ani-
mals). Moreover, both MAP and PP significantly correlated with
the collagen content found in the analyzed livers (p<0.001;
=-0.77 and p <0.001; r=0.75, respectively) (Fig. 1B). On the
other hand, we measured the mRNA expression of PDGFRf in
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all liver samples. The mRNA expression increased in parallel with
the worsening of the liver disease, reaching a 4-fold increase in
cirrhotic animals. There was also a significant correlation
between PDGFRS mRNA abundance and amount of collagen accu-
mulation in the whole group of CCls-treated livers (p <0.05;
r=0.51) (Fig. 1B).

In vitro adenoviral transduction in HepG2 cells

We analyzed whether the adenoviral construct encoding
sPDGFRpB was transduced into hepatic cells in vitro and induced
sPDGFRf expression. Western blot analysis showed strong
expression of the ECD of PDGFRp in supernatants of HepG2 cells
transduced with Ad-sPDGFRf, but not in those transduced with
Ad-p-gal (viral control) or saline. This result confirms in vitro
adenoviral transduction, and secretion of the chimeric PDGFRp-
IgGFc protein by the infected cells (Fig. 2A).

Circulating sSPDGFRf in fibrotic rats after adenoviral transduction

To confirm in vivo adenoviral transduction and sPDGFRp expres-
sion and secretion, we analyzed circulating levels 7 days after iv
administration. Western blot analysis showed that fibrotic rats
transduced with the adenovirus encoding sPDGFRf showed
increased protein levels of the ECD of PDGFRp in the serum in
comparison to fibrotic rats receiving Ad-g-gal or saline, and sim-
ilar protein levels as compared to control rats transduced with
Ad-sPDGFR (Fig. 2B).

A Control Fibrosis Cirrhosis
o \‘\
B
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pressure pressure mRNA expression
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140 20 8 g = Fibrosis
12015 ) 15 a -:g:D 6 === Cirrhosis
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140 o 20 10
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Fig. 1. Fibrosis progression, hemodynamic deterioration, and mRNA expression of PDGFRp. (A) Representative liver sections from control, fibrotic and cirrhotic animals
stained with Sirius red. (B) Correlation between the collagen content in all CCl;-treated animals and systemic hemodynamics, portal pressure, and mRNA expression of
PDGFRB. The box contains the values between the 5th and 95th percentiles and the horizontal line is the median; whiskers show the range of the data. *p <0.01 compared to
control values and *p <0.01 compared to fibrotic values.
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expression. (A) Representative Western blot of PDGFRp in supernatants of
HepG2 cells infected (+) or not infected (—) with p-gal or sSPDGFRP. Densitometric
analysis corresponds to 4 independent experiments. (B) Representative Western
blot of PDGFRP in serum of fibrotic rats administered saline, p-gal or sSPDGFRp
adenoviruses. For specific details, see Fig. 1. *p <0.05 compared to saline values
and *p <0.05 compared to p-gal values.

Body weight and standard liver and renal function test results, in
fibrotic rats after adenoviral transduction

In order to determine whether adenoviral infection could induce
cytopathic effects, we examined the liver and renal function by
measuring related serum biochemical parameters. Table 1 shows
that fibrotic rats developed marked abnormalities in liver func-
tion. As anticipated, fibrotic rats showed increased activity of
AST and LDH and high levels of serum creatinine. No significant

Results

differences were found in any of these parameters among the
three groups of animals. These data indicate that no additional
liver damage was induced by transduction with adenoviruses.

Adenoviral expression of SPDGFRf improves systemic and portal
hemodynamics in fibrotic rats

The effects on systemic and portal hemodynamics induced by
intravenous administration of Ad-sPDGFRf, Ad-f-gal, or saline
to fibrotic rats are shown in Table 2. As anticipated, fibrotic rats
receiving saline showed hemodynamic deterioration character-
ized by arterial hypotension, decreased peripheral resistance,
and increased PP. This characteristic circulatory dysfunction in
fibrotic animals did not undergo any significant change after
intravenous administration of Ad-f-gal. In contrast, transduction
with the adenovirus encoding a dominant-negative soluble
PDGFR in fibrotic rats was associated with a remarkable amelio-
ration of the hemodynamic parameters, because these animals
had significantly higher MAP and lower PP values than fibrotic
rats receiving either Ad-g-gal or saline. In addition, administra-
tion of the Ad-sPDGFRf significantly increased total peripheral
resistance (TPR) and splanchnic perfusion pressure (SPP) when
compared with fibrotic rats receiving saline and Ad-p-gal,
respectively.

Adenoviral expression of SPDGFRf inhibits PDGFRf signaling and
®-SMA protein expression in the liver of fibrotic rats

To ascertain the effectiveness of sPDGFRP in inhibiting the
PDGFRp signaling pathway, we assessed protein expression of
total ERK1/2 and P-ERK1/2 in liver samples of fibrotic rats by
Western blot. As shown in Fig. 3, fibrotic animals receiving the
adenoviral construct encoding the dominant-negative soluble
form of PDGFRp displayed lower hepatic ERK1/2 phosphorylation
as compared to fibrotic animals receiving p-gal or saline. This
result indicates that adenoviral expression of sPDGFRp is able
to block the PDGF signaling pathway in the liver of fibrotic rats
by abrogation of endogenous PDGFRp phosphorylation. Next,
we analyzed the protein expression of a-SMA, a marker of fibro-
genesis and cellular activation. In parallel with the results
obtained analyzing the phosphorylation levels of ERK1/2, we
observed that fibrotic animals receiving sPDGFRB adenovirus
showed a significant decrease of «-SMA protein expression in
liver homogenates in comparison to the other groups of fibrotic
animals. This result suggests that inhibition of PDGF signaling
pathway by sPDGFRB may induce a lower progression of hepatic
fibrosis.

Table 1. Body weight and standard liver and renal function test results in fibrotic rats after adenoviral transduction (5 x 10'° pfu).

Saline Ad-B8-Gal Ad-sPDGFRS

(n=10) (n=10) (n=10)
Body wt (g) 423 +12 427 + 11 4196
Alanine transaminase (IU/L) 36.6+6.9 67.5+ 345 67.0+185
Aspartate transaminase (IU/L) 136.6 £ 29.1 126.0 £ 42.0 1537175
Lactate dehydrogenase (IU/L) 1027 £ 229 965 + 22 1022 + 96
Serum creatinine (mg/dl) 0.64 £ 0.07 0.68 £ 0.08 0.68 £ 0.04
Serum sodium (mEg/L) 151+1.1 148+ 0 147 +£1.3
Serum potassium (mEq/L) 47+0.2 46+0.1 49+0.3

970
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Table 2. Hemodynamic effects induced by adenoviral transduction (5 x 10"® pfu).

Saline (n =9) Ad-B-Gal (n = 10) Ad-sPDGFRp (n = 10)
Mean arterial pressure (mmHg) 11312 1143 124 £ 2*#
Heart rate (beat.min™) 442 + 13 428+9 407 +9
Cardiac output (ml.min’") 157 £ 12 144 £ 11 1277
Total peripheral resistance (mmHg-min-ml-) 0.77 £ 0.05 0.85+0.06 1.02 £ 0.05*
Portal pressure (mmHg) 86+04 87106 6.7£0.3*
Splanchnic perfusion pressure (mmHg) 105+ 3 104 +4 118+ 3°

*p <0.05 compared to saline values and *p <0.05 compared to p-gal values (one-way analysis of variance and Bonferroni's post hoc test).
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Fig. 3. Representative Western blot of total ERK1/2, P-ERK1/2, and «-SMA in
liver samples of fibrotic rats. Fibrotic animals were administered saline, p-gal or
sPDGFRp adenoviruses. For specific details, see Fig. 1. *p <0.05 compared to saline
values and *p <0.05 compared to p-gal values.

Decreased hepatic collagen accumulation induced by sPDGFRf
expression in fibrotic rats

As previously shown in Fig. 1A, fibrotic rats had increased intra-
hepatic collagen content compared to control rats. To measure
the effect of sSPDGFRB on hepatic fibrosis progression, hepatic col-
lagen deposition was assessed by Sirius red staining (Fig. 4). In
concordance with hepatic ®-SMA protein expression, the collagen
content in fibrotic rats transduced with the dominant-negative
soluble form of PDGFRp was significantly decreased in compari-
son to fibrotic animals receiving the viral control Ad-f-gal, or sal-
ine. Therefore, this result indicates that the prevention was
specific for Ad-sPDGFRg.

Discussion

The PDGF family has been shown to be an important factor con-
tributing to the perpetuation of liver fibrosis [12,13]. Early

response after liver injury is characterized by rapid inductions
of PDGFRB, development of a contractile and fibrogenic pheno-
type, as well as growth factor modulation [1]. The in vivo effects
of PDGFR inhibitors are more complex, based on the crosstalk
with other angiogenic factors [21,22]. We have recently reported
that the stimulation of CB2 receptors, as well as the blockade of
the hepatic apelin system activity, is able to attenuate collagen
deposition in CCls-treated rats through common mechanisms,
such as the inhibition of PDGFRp expression [15]. In the current
study, we investigated the role of PDGFRp in the physiopatholog-
ical alterations that take place along the course of CCls-induced
experimental liver disease. We found progressive hepatic colla-
gen deposition during the evolution of liver disease. Indeed,
CCl,-treated rats were classified into two different groups accord-
ing to the histological quantification of their liver-collagen con-
tent: fibrosis and cirrhosis. Assessment of hemodynamic
parameters, together with liver biopsy examination, is a very
important tool for staging and prognosis in liver disease. Further-
more, a recent study in patients with hepatitis C virus after liver
transplantation has determined that a hepatic venous pressure
gradient value of 6 mmHg or higher is accurate at identifying
patients at risk of disease progression (area under the curve
0.96) [23]. In this study, we found a significant relationship
between deterioration of the hemodynamic parameters and
hepatic collagen content during fibrosis, being particularly rele-
vant in the case of PP. CCl, inhalation treatment also resulted
in increased hepatic expression of PDGFRp. In this regard, this
study allowed a temporal relationship to be observed between
the increase in hepatic mRNA expression of PDGFRf and histolog-
ical fibrosis during the evolution of liver disease, and demon-
strated how PDGFRP can effectively discriminate stages of
cirrhosis from fibrosis and no fibrosis. Therefore, the results
obtained in the first protocol indicate that the expression of
PDGFRp significantly contributes to increased liver fibrosis and
hemodynamic deterioration in CCl,-treated rats.

Considering these results and previous investigations showing
that the intravenous administration of adenoviral vectors prefer-
entially targets the liver [24-26], in the second protocol we ana-
lyzed the therapeutic effects of intravenous administration of the
adenovirus encoding a dominant-negative soluble form of
PDGFRp (sPDGFRpB). It has been described that adenoviral trans-
duction of this soluble form of PDGFRP blocks activation of HSCs
and attenuates fibrogenesis induced by bile duct ligation in rats
|18]. The in vitro assay showed a higher protein abundance of
PDGFRp in supernatants of HepG2 cells transduced with the
adenoviral transgene sPDGFRB. This result confirms the effective-
ness of the adenoviral transduction of sPDGFRp and its protein
expression in HepG2 cells. Further, the analysis of circulating
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Fig. 4. Decrease of hepatic collagen content induced by sPDGFRp. Representative liver sections from fibrotic animals administered saline, B-gal or sSPDGFRp adenoviruses
stained with Sirius red. The right panel shows the corresponding quantification. For specific details, see Fig. 1. *p <0.05 compared to saline values and “p <0.05 compared to

p-gal values,

levels of sPDGFRp seven days after adenoviral administration
showed the in vivo expression of this transgene. In this regard,
the increased detection of the ECD of PDGFRp in serum samples
of fibrotic rats administered Ad5-sPDGFRS confirms the in vivo
expression of sSPDGFRP. The inflammatory response induced by
adenoviral administration has been the subject of great concern.
In this study, no significant differences were detected in serum
ALT, AST, LDH, and creatinine levels among fibrotic rats receiving
B-gal, sSPDGFRB adenovirus or saline. However, we cannot exclude
a more significant problem in humans due to adenoviral toxicity.
This important issue should be resolved in the future, probably
with the use of new viral vectors or pharmacological strategies.
Inhibiting phosphorylation of PDGFR with a PDGFR tyrosine
kinase inhibitor has become a largely investigated therapeutic
strategy in the last years. Inhibition of PDGFR activation may
decrease cell proliferation and increase the rate of apoptosis.
PDGF antagonists include neutralizing antibodies against ligands
or receptors, inhibitors of receptor dimerization, and low molec-
ular-weight compounds, which act through competitive binding
to the active site of the receptors [27]. Although pharmacological
approaches have been used to reduce PP by combined inhibition
of VEGF and PDCGF signaling [28,29], this study shows that spe-
cific blockade of the intrahepatic PDGFRB pathway with adenovi-
ral vectors was associated with a significant amelioration in the
systemic and splanchnic parameters in fibrotic animals. In fact,
normalization in PP induced by intravenous administration of
sPDGFRp adenovirus was accompanied by a correction of sys-
temic hypotension. The amelioration of hemodynamic parame-
ters is probably a consequence of the antifibrotic effect induced
by sPDGFRp. In this regard, it has been demonstrated that the
PDGF antagonist exerts an antifibrotic effect in experimental-
induced liver injury by BDL [18]. Using the chronic CCls-induced
fibrosis model, we found that sPDGFRP selectively inhibited
phosphorylation of ERK1/2 in fibrotic animals, consistent with
previous findings indicating that autophosphorylation of PDGFRB
is a prerequisite for PDGF downstream signaling via the Ras/ERK
regulated kinase pathway [11,14]. These results indicate that the
soluble receptor is effective, blocking PDGF signaling in vivo. We
also show that adenoviral expression significantly attenuated
hepatic fibrosis, as assessed by reduced «-SMA protein expres-
sion and hepatic collagen content. This is consistent with previ-
ous studies demonstrating that inhibitors of PDGF decrease o-
SMA expression and the degree of fibrosis [30,31]. The reduced
fibrosis observed after treatment with SPDGFRp may be a conse-
quence of the blockade of HSC proliferation and inhibition of che-
motaxis, thereby decreasing the number of cells able to
synthesize these fibrogenic markers. The results of the second
protocol support the idea that less activation of the signaling

pathway of PDGFRp could further contribute to an inhibition of
hepatic fibrosis.

In summary, the data presented in this paper indicate that the
hepatic mRNA expression of PDGFRf closely correlates with
hepatic collagen content and contributes to hemodynamic dete-
rioration in rats with CCl,;-induced fibrosis. The present investi-
gation is the first experimental evidence documenting that
blockade of the PDGFRp signaling pathway by adenovirus trans-
duction promotes an improvement in systemic hemodynamics
and portal pressure, as well as an amelioration in the degree of
fibrosis, in CCls-treated rats. In conclusion, these results should
be interpreted as a proof-of-concept indicating that strategies
addressed to block PDGF signaling pathway in the liver could
be useful in the management of human liver fibrosis, providing
a potential site for therapeutic intervention.
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Supplementary Materials and methods
Hemodynamic studies

Rats were anesthetized with
Inactin® (100 mg/kg.bw, Sigma-Aldrich)
and prepared with PE-50 polyvinyl
catheters in the left femoral artery. A
midline abdominal incision (2 cm) was
made, and the portal vein was cannulated
through an ileocolic vein with a PE-50
catheter to measure PP. After verifying free
blood reflux, the catheter was fixed to the
mesentery with cyanoacrylate glue. The
right jugular vein was also isolated and a
PE-50 catheter was placed in the right
atrium. A thermocouple (Columbus
Instruments, Columbus, OH) was advanced
to the aortic arch through a left carotid
approach to monitor the intra-arterial
temperature during CO measurement. The
arterial catheter was connected to a highly
sensitive transducer (Hewlett Packard,
Avondale, PA) that was calibrated before
each study. Hemodynamic parameters were
recorded in a multichannel system
(PowerLab®, ADInstruments, Sydney,
Australia). CO was measured by
thermodilution after the administration of a
bolus of 200 ul of Ringer solution (20 to
23°C) into the right atrium. A spring-loaded
syringe was used (Hamilton Syringe, model
CR-700-200; Hamilton Co., Reno, NV) to
ensure a constant injection rate and volume.
Hemodynamic parameters were allowed to
equilibrate for 30 minutes and MAP, PP,
HR and CO values were recorded for two
30 minute time periods. Each value
represents the average of 2 measurements.
TPR and SPP were obtained using the
following formula: TPR = MAP/CO and
SPP = MAP-PP.

Fibrosis quantification

Liver sections (4 um) were stained
in 0.1% Sirius Red F3B (Sigma) in
saturated picric acid (Sigma). The relative
fibrosis area (expressed as a percentage of
total liver area) was assessed by analyzing
32 fields of Sirius red-stained liver sections
per animal. Each field was acquired at 10x
magnification (Nikon Eclipse E600,
Kawasaki, Kanagawa, Japan) and then
analyzed using the morphometry software

Results

Image)J v 1.37. To evaluate the relative
fibrosis area, the measured collagen area
was divided by the net field area and then
multiplied by 100. Subtraction of vascular
luminal area from the total field area
yielded the final calculation of the net
fibrosis area. From each animal analyzed,
the amount of fibrosis was measured as a
percentage and the average value presented.

Hepatic mRNA expression of
PDGFRb

Liver specimens were obtained
from each animal, washed in 0.1% diethyl
pyrocarbonate-treated  phosphate-buffered
saline salt solution (140 mM NacCl, 8.5 mM
Na,HPOy,, and 1.84 mM Na,HPO,-H,0O, pH
7.4), immediately frozen in dry ice, and
stored in liquid nitrogen. Liver samples
from treated and untreated animals were
also fixed in 10% buffered formalin for
further hematoxylin and eosin and
immunostaining analysis. Total RNA was
extracted from the middle liver lobe of
control and fibrotic rats using a
commercially available kit (RNAeasy,
Qiagen, Germany). RNA concentration was
determined by spectrophotometric analysis
(ND-100 Spectrophotometer, Nanodrop
Technology). One ug of total RNA was
reverse  transcribed (RT) using a
complementary DNA synthesis kit (High-
Capacity cDNA Reverse Transcription Kit,
Applied Biosystems, Foster City, CA).
Specific primers and probe for PDGFRb
were designed to include intron spanning
using the Universal Probe Library Assay
Design Center through the ProbeFinder
v2.45 software (Roche Diagnostics,
Indianapolis, IN). The primers included
were: PDGFRb (probe#69; left: 5°-
GCGGAAGCGCATCTATATCT-3’, right:
5’-GCGGAAGCGCATCTATATCT-3"),

and hypoxanthine-guanine
phosphoribosyltransferase (HPRT)
(probe#95; left: 5°-

GACCGGTTCTGTCATGTCG-3’, right:
5’-ACCTGGTTCATCATCACTAATCAC-
3”). Primers were designed according to rat
sequences (GenBank NM 031525.1 and
NM 012583.2 respectively). Real time
quantitative PCR was analyzed in duplicate
and performed with the Light Cycler 480
(Roche Diagnostics). Ten pl total volume



reaction of diluted 1:8 ¢cDNA, 200 nM
primer dilution, 100 nM pre-validated 9-
mer probe (Universal ProbeLibrary, Roche
Diagnostics) and FastStart TagMan Probe
Master (Roche Diagnostics) were used in
each PCR reaction. Fluorescence signal was
captured during each of the 45 cycles
(denaturizing 10 sec at 95°C, annealing 20
sec at 60°C and extension 1 sec at 72°C).
HPRT was used as a reference gene for
normalization and water was used as a
negative control. Relative quantification
was calculated wusing the comparative
threshold cycle (CT), which is inversely
related to the abundance of mRNA
transcripts in the initial sample. The mean
CT of duplicate measurements was used to
calculate ACT as the difference in CT for
target and reference. The relative quantity
of product was expressed as fold-induction
of the target gene compared with the
reference gene according to the formula 2
AACT “where AACT represents ACT values
normalized with the mean ACT of control
samples.

Western  blot  analysis  of
PDGFRb, total ERK1/2, P-ERK1/2 and
a-SMA

Hepatic tissue from treated and
nontreated rats was individually
homogenized as described previously [15].
To detect total ERK1/2, p-ERK1/2, a-SMA
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and PDGFRb, 40 pg of total denatured
proteins and 80 pg of the denatured serum
proteins were loaded per lane on a 10%
(ERK1/2, p-ERK1/2 and a-SMA) and 7.5%
(PDGFRb) SDS-polyacrylamide gel (Mini
Protean III; Bio-Rad Richmond, CA). Gels
were transferred for 2h to nitrocellulose
membranes of 0.45 um (Transblot Transfer
Medium, Bio Rad), stained with Ponceau S
red as a loading control and blocked with
5% non fat milk for in TBST buffer (50
mmol/L Tris-HCI, pH 8, containing 0.05%
Tween 20 and 150 mmol/L NaCl) at room
temperature for 2h. Membranes were
incubated with primary antibodies rabbit
polyclonal anti-PDGFRb, mouse polyclonal
a-SMA  (1:1000, Roche Diagnostics,
Indianapolis IN) and rabbit polyclonal anti-
ERK1/2 and p-ERK-1/2 (1:1000, Cell
Signaling Technologies, Beverly, MA) at
room temperature for 2h in TBST buffer
with 5% non fat milk. PDGFRb, total
ERK1/2 and p-ERK1/2 membranes were
incubated with a donkey anti-rabbit
horseradish peroxidase-conjugated (HRP)
secondary antibody (1:2000; Amersham
Biosciences, GE Healthcare, Piscataway,
NJ) and the a-SMA membrane with a goat
anti-mouse  HRP  secondary antibody
(1:5000; Amersham Bioscience). The bands
were visualized by chemiluminescence
(Lumi-Light Western blotting substrate,
Roche Diagnostics).
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4™ Article: Bacterial lipopolysaccharide (LPS) inhibits CB2 receptor expression in
human monocytic cells. (Not published)

Cirrhotic patients with ascites are prone to bacterial infections by E.Coli, which
can compromise seriously the condition of the patient. In order to study the role of
CB2 receptors during an infection, in vitro experiments were carried out with U937
cells (these cells have the ability to differentiate into mature macrophages) treated
with LPS to mimic the physiological situation occurring in cirrhotic patients. The

obtained results are summarized next:

1. LPS stimulation downregulates CB2 mRNA and protein expression in U937 cells

CB2 mRNA expression was assessed in a time course experiment in U937 cells
treated with two different doses of LPS: a pharmacological dose (1 pg/ml) and a
supraphysiological dose (10 ng/ml). As shown in Figure 1A, both doses of LPS
dramatically downregulated the mRNA expression of CB2 after 6 and 12 h of LPS
treatment, and was significantly maintained after 24 and 30 h. Cell viability
experiments confirmed that LPS did not have any adverse effect on those cells (right
axis of figure 1A). The observed effect on CB2 produced by LPS was also reflected at
protein level (Figure 1B). Protein expression of CB2 receptors was lower after 6 and 12

h of LPS treatment.

2. PCR array of genes related to antibacterial response pathway

To further confirm the effect on CB2 mRNA produced by LPS, we performed a
commercially available PCR array of 84 genes involved in the antibacterial signaling
pathway together with CB1 and CB2 genes (CNR1 and CNR2, respectively). In order to
confirm that the downregulation of cannabinoid receptors and other well known genes
implicated in this pathway are regulated by LPS, U937 cells were treated with
Polymixin B, a potent antibiotic that prevents LPS cell binding and signaling. The results
obtained were represented by a scatter dot plot graph (Figure 2), where full circles
represent genes with =2.5 fold change. Figure 2A shows LPS-treated cells compared to
non-treated cells. LPS induced the expression of 12 genes and only 5 where found

downregulated included CB1 and CB2. Figure 2B shows the results after PMB
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treatment. In the presence of PMB, almost all observed differences disappeared.

Genes that reached statistical significance are represented on Table 1.

3. LPS decreases endocannabinoid-induced chemotactic activity in U937 cells

Chemotactic activity of U937 cells was evaluated in order to determine if the
decrease in CB2 expression was correlated with functionality changes (Figure 3).
Endocannabinoids, AEA and 2-AG are both well reported inducers of chemotaxis of
macrophages, monocytes and also in U937 cells. Our results confirmed that both AEA
and 2-AG induce the migration of U937 cells, and that pretreated cells with LPS
showed a reduced chemotactic activity. To further demonstrate that these effects
were mediated by CB2 receptors, the cells were exposed to AEA or 2-AG in the
presence of SR144528 (1uM), a specific antagonist of CB2 receptors. As illustrated in
Figure 3B, CB2 receptor blockade prevented the chemotactic-induced effect of the

endocannabinoids.

4. Monocytes and macrophages of cirrhotic patients showed a marked decrease in

CB1 and CB2 mRNA expression

Hepatic cirrhosis is associated with enhanced circulating levels of bacterial wall
derived products, the extreme manifestation of this condition being the development
of SBP. To assess if CB receptor expression was decreased in cirrhotic patients,
circulating monocytes from the blood and peritoneal macrophages were isolated from
the ascites of cirrhotic patients with or without SBP. Compared to healthy subjects,
CB1 and CB2 expression in circulating monocytes was significantly decreased in
cirrhotic patients with ascites, and the decreased was further marked in the patients
with SBP. CB expression in peritoneal macrophages was lower and became almost fully

suppressed in macrophages from ascites of the patients with SBP (Figure 4).
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ABBREVIATIONS

2-AG, 2-achachydonyl glycerol; AEA, anandamide, BIRC3, Baculoviral IAP
repeat containing 3; BSA, bovine serum albumin; CB1, cannabinoid receptor 1;
CB2, cannabinoid receptor 2; CCL3, Chemokine (C-C motif) ligand 3; CCLS5,
Chemokine (C-C motif) ligand 5; CD14, Cluster of differentiation 14; CNR1,
Cannabinod receptor 1; CNR2, Cannabinoid receptor 2; CXCL1, Chemokine
(C-X-C motif) ligand 1; CXCL2, Chemokine (C-X-C motif) ligand 2; DMBT1,
Deleted in malignant brain tumors 1; FBS, fetal bovine serum, fMLP, N-formyl-
methionyl-leucyl-phenylalanine; IL18, Interleukin 1 beta; /L6, Interleukin 6; /L8,
Interleukin 8; LPS, lipopolysaccharide; MAPK14, Mitogen-activated protein
kinase 14; NFKBIA, Nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor alpha; PMB, polymixin B; PSTPIP1, Proline-serine-threonine
phosphatase interacting protein 1, RIPK2, Receptor-interacting serine-threonine

kinase 2; SBP, spontaneous bacterial peritonitis; TNF, Tumor necrosis factor.
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ABSTRACT

Objective: Endocannabinoids exert their physiological effects by
interacting with CB1 and CB2 receptors, the latter being responsible for the
antiinflammatory effects of endocannabinoids. Cirrhotic patients have altered
host-defense response mechanisms. Here we assessed whether impaired
expression of CB2 receptor in monocytic cells of cirrhotic patients could be
involved in the pathogenesis of this phenomenon. Design: CB2 mRNA and
protein expression was assessed in a differentiated human monocytic cell line
(U937) stimulated with endotoxin (LPS). A PCR array of 86 different genes was
assessed in U937 cells treated with LPS. A migration assay towards
endocannabinoids or the CB2 antagonist, SR144528, was performed in U937
cells exposed to LPS. Finally, CB1 and CB2 mRNA expression were measured
in monocytes and macrophages of cirrhotic patients with or without
spontaneous bacterial peritonitis. Results: LPS reduced CB2 expression in
human monocytes. Endocannabinoids increased the migratory activity of U937
cells, which was reverted when the experiments were performed in the
presence of LPS. Transcriptional profiling showed marked upregulation of 9
genes related to proinflammatory signaling. However, only two genes encoding
for CB1 and CB2 were reduced in LPS-treated cells. Circulating monocytes of
cirrhotic patients showed a significantly diminished mRNA expression of CB1
and CB2. Markedly low CB1 and CB2 mRNA levels were found in peritoneal
macrophages of cirrhotic patients with ascites, being almost suppressed when
analyzed in patients with peritonitis. Conclusion: LPS reduces CB2 expression
in human monocytes resulting in depressed chemotactic activity and therefore

impaired host defense response of these cells.
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What is already known about this subject:

CB2 is highly expressed in the cells of the immune system, and its role
modulating inflammatory responses is well known.

Liver cirrhosis and LPS-induced sepsis have been associated with increased
activity of endogenous cannabinoids.

Cirrhotic patients have altered host-defense response mechanisms and

increased susceptibility to bacterial infections.

What are the new findings:

LPS exposure inhibits CB2 receptor messenger and protein expression in
human-derived monocytic cells.

LPS exposure decreases the migratory activity of human-derived monocytic
cells.

Down regulation of messenger expression induced by LPS in human
derived monocytic cells is highly specific for CB receptors as demonstrated
by array analysis of 86 different genes involved in antibacterial response.
Circulating monocytes of cirrhotic patients show decreased expression of
CB receptors. This reduction being more intense in cells obtained of patients
with SBP.

Expression of CB receptors is almost suppressed in peritoneal

macrophages of patients with SBP

How might it impact on clinical practice in the foreseeable future?

These findings unveil new strategies to improve the cell armamentarium of

cirrhotic patients to fight against bacterial infection.
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INTRODUCTION

The peripheral cannabinoid receptor (CB2) was first identified in 1993 by
Munro et al. via cloning of a novel G-protein coupled receptor expressed in a
human promyelocytic leukemia HL60 human cell line.[1] Although expression
levels vary among the immune cell population, the CB2 receptor has relatively
high affinity for cannabinoids and is expressed by all immune cells, with the
ranking order of abundance being B cells > NK cells > macrophages >
polymorpho nuclear cells > T cells.[2-4] Macrophages appear to abundantly
express the CB2 receptor, however, little is known about the role that this
receptor plays in monocytic cell biology. Despite evidence that CB2 signaling
may be involved in cell differentiation,[3] migration [5,6] and proliferation,[7-10]
the mechanisms involved in these processes are poorly known. In this regard,
several reports have suggested that stimulation by cytokines increases CB2
expression,[3,4,11,12] whereas LPS stimulation suppresses CB2 mRNA
expression in lymphocytes.[13] Although these investigations have provided
some clues on the regulation of CB2 expression, more studies are clearly
needed to define the functional consequences of these changes and the role of
the CB2 receptor in monocyte/macrophage cell biology.

Cirrhotic patients have altered host-defense response mechanisms and
increased susceptibility to bacterial infections, which seems to be related to
alterations in the intestinal barrier and/or bacterial translocation from the mucosa
to the mesenteric lymph nodes and the intestinal circulation.[14,15] The extreme
manifestation of this condition is spontaneous bacterial peritonitis (SBP), which
occurs in patients with advanced liver disease and is defined as the infection of a

previously sterile ascitic fluid with no apparent intraabdominal source of
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infection.[14] In spite of the efficacy of the current antibiotic therapy in resolving
peritoneal infection, the mortality rate in cirrhotic patients with SBP still remains
relatively high.[16] Both liver cirrhosis and LPS-induced sepsis have been
associated with increased activity of endogenous cannabinoids.[17,18] However
whether any relationship exists among these phenomena is unknown.

In the present study we assessed whether LPS regulates CB2 expression
in human monocytic cell lines. In addition, we assessed whether CB2 messenger
expression is altered in monocyte/macrophages of cirrhotic patients. Our results
indicate that LPS represses mRNA and protein expression of the CB2 receptor in
human monocytes thereby affecting their functional properties. Moreover, we also
observed a diminished abundance of CB2 transcripts in circulating monocytes and
peritoneal macrophages of cirrhotic patients. These findings make it attractive to
speculate that LPS may further alter host response mechanisms in cirrhotic
patients by depressing CB2 expression in immune cells of the monocytic linage.

MATERIAL AND METHODS

Cell cultures: U937 cells, a human monoblastic leukemia cell line, were
obtained from ATCC CRL-1593.2. Cells were cultured at 37°C in a 5% CO;
atmosphere with RPMI-1640 medium (Gibco-Invitrogen, Paisley, UK)
supplemented with 10% heat-inactivated fetal bovine serum and
penicillin/streptomycin (50 U/ml and 50 mg/ml). To induce differentiation into
adherent macrophage-like cells, U937 cells were seeded in 12-well plates
(0.5x10° cells/ ml) and incubated for 48 h in RPMI-1640 / 10% fetal bovine
serum (FBS) containing 10 ng/ml of phorbol myristic acid (PMA, Sigma
Chemical Co, St. Louis, MO), a known inducer of macrophage phenotype in

these cells.[19] Following PMA treatment the differentiated cells were cultured
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for an additional period of 24 h in fresh medium and the different experiments
were conducted as described below.

Human peritoneal macrophages, either from patients with (n=4) or without
(n=3) SBP, were obtained after diagnostic paracentesis. Ascites was kept at 4°C
to prevent the adhesion of the macrophages to the plastic. After centrifugation at
200 g for 10 min at 4°C, 6x10° cells/well were seeded on 24-well plates (Costar,
Cambridge, MA) in the ascitic fluid of the same patient from whom they were
extracted. After incubation for 90 minutes at 37°C in a humidified atmosphere
(95% air and 5% COy), the non-adherent cells were removed from the wells by
three washes of 200 ml of pre-warmed Dulbecco phosphate buffered saline
(DPBS), and the remaining adherent cells were incubated with phenol red-free
RPMI-1640 medium supplemented with 2% heat-inactivated fetal calf serum,
penicillin/streptomycin (50 U/ml and 50 mg/ml) and L-glutamine (2 mmol/l) at 37°C
in a humidified atmosphere (95% air and 5% CO,). More than 96% of the
adherent cells were nonspecific esterase positive and had the morphological
appearance of macrophages when examined after Giemsa staining.

Peripheral monocytes from healthy subjects (n=6) and cirrhotic patients
with ascites with (n=4) or without SBP (n=6) were also isolated. Cells were
obtained from fresh blood by venipuncture using acid citrate dextrose as
anticoagulant. Blood was centrifuged at 800 rpm (15 min, room temperature) and
leukocytes were fractionated by Ficoll-Hypaque gradient centrifugation. Then,
monocytes were obtained from the mononuclear cell layer according to the
method of Denholm and Wolber.[20] Briefly, mononuclear cells were resuspended
in DPBS plus 0.1% bovine serum albumin (BSA), added to a percoll: 10x Hanks

balanced salt solution (10:1.65 mixture) in a 10x1.5 cm round bottom
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polypropylene tube and centrifuged at 1500 rpm, 25°C for 30 min. Monocytes
were collected from the upper 5 mm of the gradient. Cytospin preparations of
monocytes stained with Giemsa confirmed a 90-94% pure monocyte population.
Cells were seeded on 24-well plates (5x10° cells/well) and incubated with RPMI-

1640 medium under standard conditions of humidity and temperature.

Effect of LPS on CB2 messenger and protein expression and cell
viability in U937 cells. Activated monocytic cells were washed and then
incubated with RPMI-1640 supplemented with 1% heat-inactivated FBS and 10
ng/ml or 1ug/ml LPS (E.coli 055:B5;Sigma-Aldrich) for 6, 12, 24 and 30 h.
Thereafter, mMRNA and protein expression of CB2 and cell viability were
determined by Real-Time PCR, Western blot and MTS assay, respectively. The
specificity of the LPS effect was assessed by measuring mRNA expression of
the CB2 receptor in the presence of the LPS inhibitor, Polymixin B (PMB,
Sigma-Aldrich). PMB is a potent antibiotic that binds and neutralizes LPS. U937
cells were incubated with PMB (10 pg/ml) for 6, 12, 24 and 30 hours. At the end
of the experiments, total RNA and proteins were extracted as described below.

All experiments were reproduced at least 3 times in 3 independent assays.

Effect of LPS on endocannabinoid-induced cell migration in U937
cells. U937 differentiated cells were incubated in RPMI-1640 supplemented
with 1% heat-inactivated fetal bovine serum in the absence or presence of LPS
(1 wg/ml) for 6h. Directional migration was measured in the modified Boyden
microchamber (NeuroProbe, Gaithersburg, USA). Cells were suspended and
counted; subsequently 50 ul of cell suspension (5x10° cells/ml) was placed in
the upper compartment with a polycarbonate membrane separating the two

chambers. 2-arachydonylglycerol (2-AG, 1 uM), anandamide (AEA, 1 uM) or the
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chemotactic tripeptide fMet-Leu-Phe (fMLP, 10 nM) were placed in the lower
compartment of the chamber. When indicated, cells were also incubated in the
presence of the CB2 receptor antagonist SR144528 (1 uM). After 3 h of
incubation at 37°C, the cells on the upper side of the membrane were scraped
off using a cotton swab and the cells that had migrated to the lower side of the
filter were fixed with methanol. After staining with DiffQuick® solution (Dade
Behring Inc., Newark, NJ), the cells that had migrated into the lower side were
counted manually. The cells migration ability was expressed as the average cell
number in four random microscopic fields (Olympus BX45, Olympus

Corporation, Tokyo, Japan).

Patients. This part of the investigation was performed in circulating
monocytes or peripheral macrophages isolated from 6 healthy volunteers and
16 cirrhotic patients (6 women, 10 men). The patients had a mean age of 61+12
years (range, 42-80). The etiology of cirrhosis was alcohol-induced in 5
subjects, 3 with hepatitis B surface antigen or hepatitis C—antibody associated,
3 with both alcohol-induced and viral hepatitis, 1 with chronic biliary cirrhosis
and 4 of unknown etiology. The diagnosis of cirrhosis was established by liver
biopsy in 12 cases and by clinical, laboratory, and ultrasonographic findings in
the remaining cases. All patients had advanced liver cirrhosis and Child-Pugh
score B or C. SBP was diagnosed on the basis of a polymorphonuclear cell
count in ascitic fluid greater than or equal to 250 cells/mm? in the absence of
clinical, radiologic, or laboratory data suggesting secondary peritonitis or other
abdominal disorders resembling SBP (e.g., hemorrhage into ascites,

pancreatitis, peritoneal tuberculosis, or carcinoma).
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Cell Viability Assay. The effect of LPS treatment on U937 cell growth
inhibition was studied by the MTS assay using CellTiter 96- Aqueous Assay Kkit
(Promega, Madison, WI) following the manufacturer’s instructions. Following
LPS exposure, 20 ul of MTS working solution was added to each well, and the
plate was incubated for 3 h at 37°C in a CO; incubator. The viability was
assessed on the basis of mitochondrial conversion of MTS [3-(4, 5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt] into aqueous, soluble formazan. The quantity of
formazan product is directly proportional to the number of living cells in culture
and was measured by determining the Asgonm Of the cell culture medium. The
viability was calculated using the formula: % inhibition = (1 - ODytest/ ODcontrol) X

100.

CB2 mRNA expression in U937 cells, human monocytes and

peritoneal macrophages. See supplementary online material.

Western blot of CB2 receptor from U937 cells. See supplementary

online material.

Bacterial signaling pathway PCR array. To assess the effects
triggered by LPS on the transcriptome in human monocytes, activated U937
cells were incubated with LPS (10 ng/ml) for 6 h. RNA was extracted from cell
lysates with TRIZOL followed by a RNA extraction column using the RNA easy
kit (Qiagen, Venlo, The Netherlands). To remove residual DNA, RNA
preparations were treated with RNase-Free DNAse set (Qiagen). First-strand
cDNA was synthesized from 1 pg total RNA using an RT? first-strand kit

(Qiagen) and PCR arrays were performed according to the manufacturer's
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protocols (SABiosciences, Frederick, MD). Real-time PCR array for the
bacterial signaling pathway was performed using human Antibacterial
Response signaling pathway, RT? Profiler™ PCR array, (SABiosciences)
according to the manufacturer's protocol. This PCR array combines the
quantitative performance of SYBR Green-based real-time PCR with the multiple
gene profiling capabilities of microarray to profile the expression of 84 key
genes involved in innate immune response to bacteria. PCR array plates were
processed in a Light Cycler 480 (Roche Diagnostics) using automated baseline
and threshold cycle detection. Gene expression was normalized to internal
controls to determine the fold change in gene expression between test and
control samples. The relative quantity of product was expressed as fold-
induction of the target gene compared with the reference gene according to the
formula 2227, Data were interpreted using the SABiosciences’ web-based PCR
array data analysis tool.[21] Statistical significance is obtained after performing

a Student’s t-test analysis comparing to control samples.

Ethical approval. The study was performed according to the criteria of the

Investigation and Ethics Committee of the Hospital Clinic Universitari.

Statistical analysis. Data are expressed as mean+SE. Statistical analysis
of the results was performed by One-way analysis of variance (ANOVA) and
Newman-Keuls post test or Kruskal-Wallis test with Dunns post-hoc to compare
between groups or by an unpaired Student’s t test or Mann-Whitney when
appropriate. Differences were considered to be significant at a p value of 0.05

or less.
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RESULTS

LPS stimulation downregulates CB2 mRNA in U937 cells. Time
course expression of CB2 mRNA in LPS-treated U937 cells is shown in Figure
1. Both, pharmacological (1 pg/ml) and supraphysiological (10 ng/ml) doses of
the bacterial wall product markedly inhibited transcript expression in the human
monocytic cell line. This effect was observed as earlier as 6 hours following
cells exposure to LPS and was significantly maintained for periods of time
longer than 24 hours, regardless of using the higher or the lower dose of LPS.
To ascertain whether the LPS-induced suppression of CB2 mRNA in U937 cells
could be related with some effect on cell survival, monocytic cells were
incubated with MTS to estimate the amount of living cells under the different
experimental conditions. As shown in Figure 1A, no statistical differences in cell
viability among human monocytic cells treated or not treated with LPS were
observed at either, 10 ng/ml or 1 ug/ml.

Effect of LPS on CB2 protein expression. Next, Western blot
experiments were conducted to further demonstrate the LPS-induced reduction
of CB2 expression in human monocytes. In concordance with the RT-PCR data,
following 6,12 or 24 hours exposure to LPS we observed an around 50%
reduction of CB2 protein in U937 cells (Figure 1B). These results indicate that
the inhibitory action of LPS on CB2 transcript expression is translated in

decreased CB2 protein abundance in the human monocyte cell line.

PCR array of genes related to antibacterial response pathway. A
quantitative RT-PCR (qRT-PCR) was performed to further confirm suppression
of CB2 mRNA under LPS exposure in U937 cells and to compare these results

with the well-established induction of LPS on other genes involved in
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antibacterial response. Total RNA samples from control and LPS-treated cells
were analyzed by using a commercially available PCR array that includes 84
representative genes from several biological pathways involved in antimicrobial
response as well as CB receptors type 1 and 2 (CNR1 and CNR2, respectively).
Figure 2A displays a scatter plot report of the results obtained in the qRT-PCR
array experiments indicating the position of several noteworthy genes based in
their large fold differences in expression between control and LPS-exposed
monocytes. Of the 86 genes assessed in this array, 17 genes demonstrated at
least 2.5-fold difference between the two groups of experimental conditions. As
displayed in Figure 2B, most of these differences disappeared when the
experiments were performed in the presence of polymyxin B, a cationic

antibiotic that prevents LPS cell binding and signaling.[22]

Table 1: Changes in expression for antibacterial response genes between untreated and LPS-
treated (10 ng/ml) or LPS (10 ng/ml) + PMB (10 pg/ml) U937 cells. Genes from the experiment
in figure 2 that exhibit at 2.5-fold or greater change in expression between control and LPS-
treated cells are listed.

UPREGULATED GENES

LPS LPS + PMB
Genes Fold change Significance Fold change Significance
BIRC3 8.4 p<0.05 1.5 ns
CCL3 13.6 p<0.01 1.1 ns
CCL5 3.2 Ns 1.2 ns
CD14 3.0 Ns 1.2 ns
CXCL1 48.9 p<0.01 1.7 ns
CXCL2 92.4 p<0.01 3.5 ns
IL1B 15.1 p<0.01 1.8 ns
IL6 620.2 p<0.05 7.3 ns
IL8 141 p<0.01 1.8 p<0.05
NFKBIA 3.0 Ns 1.3 ns
RIPK2 2.7 p<0.01 1.0 ns
TNF 16.5 p<0.05 1.4 ns
DOWNREGULATED GENES
DMBT1 25 Ns 1.0 ns
MAPK14 25 Ns 0.9 ns
PSTPIP1 2.9 Ns 0.9 ns
CNR1 8.7 p<0.001 0.5 p<0.05

-—
N

CNR2 16.5 p<0.05 ns
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As shown in Table 1, 12 genes were up-regulated by >2.5 fold change
while 5 appeared to be down regulated in the LPS-treated samples. However,
statistical differences were only reached in 9 upregulated and 2 downregulated
genes, respectively. Interestingly, significant gene expression inhibitory effect of

LPS was only seen in CB receptors 1 and 2.

LPS decreases endocannabinoid-induced chemotactic activity in
U937 cells. Whether LPS-induced down-regulation of CB2 mRNA expression
correlates with functionally significant changes was assessed by evaluating
chemotactic activity in U937 cells. In fact, endocannabinoids have been shown
to be powerful inducers of chemotaxis in macrophages and monocytes,
including U937 cells.[23-27] In our hands, both 2-AG and AEA increased in vitro
cell migration through the Boyden chamber in comparison to vehicle-treated
cells. Moreover, cells pretreated with LPS showed a significantly attenuated
endocannabinoid-induced chemotactic activity (Figure 3A). To further assess
whether these effects are directly mediated by CB2 receptors, cells were
exposed to AEA or 2-AG in the presence of SR144528 (1 uM), a specific
antagonist of CB2 receptors. As illustrated in Figure 3B, CB2 receptor blockade
fully prevented the chemotactic-induced effect of the endocannabinoid. These
results indicate that LPS-induced down expression of CB2 receptors results into

significant functional effects in human monocytic cells.

Monocytes and macrophages of cirrhotic patients showed a marked
decrease in CB1 and CB2 mRNA expression. Hepatic cirrhosis is associated
with enhanced circulating levels of bacterial wall derived products, the extreme

manifestation of this condition being the development of SBP. Next, therefore,
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we evaluated whether monocytic cells from cirrhotic patients without or with
SBP present decreased expression of CB receptors. Circulating monocytes
were isolated from blood of healthy subjects and cirrhotic patients, whereas
peritoneal macrophages were obtained from ascites of cirrhotic patients without
or with SBP. As compared to cells obtained from healthy subjects, circulating
monocytes of cirrhotic patients showed an abrupt decrease in CB2 mRNA
expression. This diminution was further accentuated at assessing the
expression of this transcript in monocytes of patients with SBP, reaching values
around 80% lower than monocytes of control subjects. Very low CB2
messenger expression was also observed in peritoneal macrophages of
cirrhotic patients and become almost fully suppressed when macrophages were
collected from ascites of patients with SBP (Figure 4). In agreement with the
results obtained in the array analysis, a very similar pattern expression was
found at assessing CB1 mRNA abundance in the same cells. Actually, Figure 4
also shows that CB1 receptor abundance was strongly reduced in circulating
monocytes of cirrhotic patients and markedly reduced in peritoneal

macrophages of patients with SBP.

DISCUSSION

The results of this investigation indicate that bacterial LPS reduces CB2
receptor expression in human monocytes resulting in depressed chemotactic
activity and therefore impaired host defense response of these cells. In fact,
CB2 mRNA expression is decreased in circulating monocytes and peritoneal
macrophages of cirrhotic patients, a clinical condition characterized by

enhanced LPS levels and increased susceptibility to bacterial infections, with
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the down expression of the CB2 receptor being more accentuated when

patients develop SBP.

There are compelling evidence indicating that the endogenous
cannabinoid system is of major relevance in the regulation of the immune and
host-defense mechanisms, most of these effects being mediated by interaction
with central and peripheral CB2 receptors.[28] Actually, stimulation of these
receptors attenuates the activation and release of proinflammatory mediators in
neurodegenerative inflammatory disorders [29-31] and other inflammatory
processes associated with liver [32,33] and cardiac [34] reperfusion injury,
atherosclerosis,[36] inflammatory bowel disease [36,37] and rheumatoid
arthritis.[38] Further indications on the fluid cross-talk between
endocannabinoids and immunoresponse have been documented by several
investigations demonstrating that the cytokine storm induced by exposing
resident macrophages to LPS is markedly attenuated when these cells are
stimulated with AEA [39] or selective CB2 receptor agonists such as HU-
910.[33] In this scenario, our results showing that LPS markedly suppresses
CB2 receptor expression may help to understand the mechanisms governing
host defense depletion in pathological conditions characterized by sustained
levels of endotoxin. This finding coincides with previous investigations indicating
that LPS suppresses CB2 mRNA in murine B cells [13] due to the ability of LPS
to modify the transcriptional start site of CB2 messenger in murine

splenocytes.[40]

Pattern recognition receptors are the gate by which cells of the immune
system, including lymphocytes and macrophages recognize bacterial-derived

products, triggering cytokine and chemokine release which, in turn, promote
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leukocyte attraction to the site of infection.[41] In addition, recent studies have
demonstrated that AEA and 2-AG may also induce chemotactic activity, which
is mainly mediated by CB2 receptors, in these cells.[25] Since chemotaxis is a
fundamental component of the leukocyte armamentarium to fight against
bacterial infection we next assessed whether LPS-induced suppression of CB2
receptors may result in a significant impairment in human leukocyte motility. Our
findings showed that, in the in vitro motility assay, the endocannabinoids AEA
and 2-AG induced migration of the human lymphocyte cell line and that LPS
pretreatment significantly attenuated the migratory-induced effect of the
endocannabinoids. This effect was reversed by the CB2-selective antagonist
SR144528, thus confirming a role for CB2 receptors. These results
demonstrating chemotactic CB2-dependent activity are in line with previous
studies showing 2-AG induced migration in human polymorphonuclear cells,
eosinophils, neutrophils and natural killer cells,[26,27,42] an effect which was
reversed by SR144528 in all these cases.[43] Taken together our results show
CB2-dependent U937 cell migration in response to endocannabinoids and that
pre-exposure to LPS has the capacity to inhibit migration to these stimuli. This
is an important issue, since under conditions of bacterial infection, such as SBP,
enhanced migration into tissues is beneficial, but its inhibition by CB2 receptor
down regulation may result in impairment of host defense response

mechanisms.

To gain insight into the molecular mechanisms of endotoxin-induced
down expression of CB2 receptor in human monocytes we analyzed changes in
U937 cell gene expression. A quantitative RT-PCR analysis was performed

using a human RT-profile PCR array which contains 84 bacterial response-
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related genes and two genes corresponding to CB receptors. To our knowledge
this is the first study on the effect of LPS on human monocyte gene expression
using high throughput technology which offers the possibility of a wide scale
analysis of genes involved in these specific pathways. Transcriptional profiling
revealed that the expression of 11 genes was significantly changed in LPS-
treated U937 cells compared with non stimulated cells. Most of these genes are
closely related to the inflammatory response and most specifically with cytokine
activation (/IL18, IL6, IL8 and TNF) and chemokine receptors (CCL3, CCLS5,
CXCL1 and CXCL2). Several genes’ functions involve important pathological
processes including negative regulation of inflammatory signaling pathways
(BIRC3) [44] and detection of endotoxin by Toll-like receptors (RIPK2).[45]
However, it is important to note that the only genes significantly reduced in LPS
treated cells were CNR1 and CNR2 which encode for CB1 and CB2 receptors,
respectively. Interestingly, all these changes in gene expression were almost
fully suppressed when the experiments were performed in the presence of
PMB, thus demonstrating the specificity of the effect triggered by LPS. This
remarkable observation indicates that endotoxin induced suppression of CB

receptor is a highly specific effect for endocannabinoid signaling.

Bacterial infections are a life-threatening event frequently occurring in
patients with liver disease.[46] Infections are major precipitating agents of the
underlying liver disease and are associated with high mortality rates.[47] The
increased susceptibility to infection in patients with cirrhosis has been attributed
to alterations in the immune response, including defective chemotaxis.[48]
Since our in vitro assay demonstrated that LPS impairs cell mobility upon

endocannabinoid challenge by a CB2 receptor-dependent mechanism, we next
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assessed CB2 receptor expression in macrophages of cirrhotic patients with
and without SBP. In agreement with the results obtained in the in vitro
experiments, blood and peritoneal macrophages of cirrhotic patients showed a
significant downregulation of CB receptors, this reduction being much more

intense when cell were isolated from patients with SBP.

Leukocytes are a major source of endocannabinoids. Under a framework
of increased bacterial wall products, such as in advanced liver disease, LPS
stimulation result in 2-AG and AEA secretion.[49] Since CB2 receptors are
abundantly expressed in cells of the monocytic lineage the anticipated response
among others would be enhanced mobility toward the site of infection. However,
LPS as demonstrated in the present investigation, would also suppress CB2
receptor expression and therefore, the leukocyte ability to respond against
bacterial infection becomes seriously compromised. This, in turn, will provide a
further explanation for the impaired defense response mechanisms in cirrhotic

patients with liver disease.
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FIGURE LEGENDS

Figure 1. CB2 mRNA, protein expression, cell viability in the U937 human
monocyte cell line. (A) mMRNA expression of U937 cells was assessed in
resting conditions and following exposure to LPS for different time incubation
periods by quantitative RT-PCR as described in the material and methods
section. Full circles represent the results of the cell viability assay obtained
under the different experimental conditions. (B) Representative Western blot of
CB2 protein expression levels in U937 cells treated with medium alone (M) or
LPS (10 ng/ml) at 6, 12 and 24 h. Eighty micrograms of protein lysate from
U937 cells was loaded per lane. The lower panel shows the densitometric
analysis of all the experiments normalized to B-actin. The results were
confirmed by 3 independent experiments. Results are given as means + SE; *
p<0.05, ** p<0.01 and *** p<0.001 vs. medium. Statistical analysis was

calculated by an unpaired Student’s t-test.

Figure 2. Antibacterial response genes PCR array. Relative expression
comparison for 86 antibacterial response-related genes between non-
treated, LPS (10 ng/ml)-treated and LPS (10 ng/ml) + PMB (10 pg/ml)-
treated U937 cells. This figure represents a log transformation plot of the

relative expression level of each gene (2%

between non treated U937 cells (x
axis) and LPS or LPS+PMB treated U937 cells (y axis). The dashed lines and
full circles indicate = 2.5-fold change in the gene expression threshold. The

results were confirmed by 3 independent experiments.
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Figure 3. Migration assay in the U937 monocyte cell line towards 2-AG
and AEA. (A) Migration assay of U937 cells towards 2-AG and AEA incubated
with LPS (1 ug/ml), saline as vehicle and fMLP (10 nM) as positive control. The
results are given as migrated cells/field. (B) Right panels show migration
towards AEA and 2-AG plus a selective CB2 antagonist SR144528 (1 uM). The
results were confirmed by at least 3 independent experiments. Results are
given as meanzSE; * p<0.05, ** p<0.01 vs. untreated cells, *** p<0.001 vs.
vehicle, # p<0.001 vs. 2-AG-vehicle, 1 p<0.001 vs. AEA-vehicle, ¢ p<0.001 vs.
2-AG and ° p<0.01 vs. AEA. Statistical analysis was calculated by One-way
ANOVA with Newman-Keuls post-hoc test and Kruskal-Wallis test with Dunns

post-hoc test when appropriate.

Figure 4. CB1 and CB2 mRNA expression in human circulating monocytes
and peritoneal macrophages of healthy subjects and cirrhotic patients.
MRNA expression of both CB1 and CB2 receptors were analyzed by Real Time
PCR. Circulating monocytes and peritoneal macrophages were extracted from
cirrhotic patients with ascites with or without SBP. Circulating monocytes from
healthy subjects were used as control. The results were confirmed by at least 3
independent experiments. Results are given as means + SE; * p<0.05; **
p<0.01 and *** p<0.001 vs. control monocytes; ? p<0.05 vs. cirrhotic
macrophages. Statistical analysis was calculated by unpaired Student’s t-test or

One-way ANOVA when appropriated.
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SUPLEMENTARY MATERIAL

MATERIAL AND METHODS

CB2 mRNA expression in U937 cells, human monocytes and peritoneal
macrophages. Total RNA from cultured cells was extracted using a commercially
available kit (TRIZOL, Gibco-Invitrogen). RNA concentration was determined by
spectrophotometric analysis (ND-100 Spectrophotometer, Nanodrop Technology,
Thermo Fisher Scientific, Waltham, MA). One ug of total RNA was reverse transcribed
(RT) using a complementary DNA synthesis kit (High-Capacity cDNA Reverse
Transcription Kit, Applied Biosystems, Foster City, CA). Real-Time PCR was performed
with TagMan probes designed with the TagMan Gene Expression assay software from
Applied Biosystems. Human CB2 receptor assay reference: Hs00275635 m1 and
human HPRT assay reference: Hs01003267_m1, were designed according to the
human CB2 receptor (CNR2) and HPRT gene sequence (GenBank NM_001841 and
NM_000194.2), respectively. When indicated, human CB1 mRNA expression was also
assessed using human CB1 receptor assay reference: Hs00275634_m1 according to
the human CB1 (CNR1) gene sequence. Real time quantitative PCR was analyzed in
duplicate and performed with the Light Cycler 480 (Roche Diagnostics, Indianapolis,
IN). Ten pl total volume reaction of diluted 1:8 cDNA, TagMan Universal PCR Master
Mix and TagMan Gene Expression Assay Mix, were used in each PCR reaction.
Fluorescence signal was captured during each of the 45 cycles (denaturizing 10 sec at
95°C, annealing 20 sec at 60°C and extension 1 sec at 72°C). HPRT was used as a
reference gene for normalization, and water was used as a negative control. Relative
quantification was calculated using the comparative threshold cycle (CT), which is
inversely related to the abundance of mRNA transcripts in the initial sample. The mean
CT of duplicate measurements was used to calculate ACT as the difference in CT for
target and reference. The relative quantity of product was expressed as fold-induction

of the target gene compared with the reference gene according to the formula 2247,
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where AACT represents ACT values normalized with the mean ACT of control

samples.

Western blot of CB2 receptor from U937 cells. The cultured cells were
scraped with 1ml of buffer solution with Tris—HCI 20 mM, pH 7.4, containing 1% Triton
X-100, 0.1% SDS, 50 mM NaCl, 2.5 mM EDTA, 1 mM Na4P207 10H20, 20 mM NaF,
1 mM Na3V04, 2 mM Pefabloc and Complete Mini (Roche Diagnostics). CB2 was
separated on a 10% SDS-polyacrylamide (Mini Protean lll, Bio-Rad, Richmond, CA)
and transferred for 2h at 4°C to a nitrocellulose membrane (Transblot Transfer
Medium, Bio-Rad). The membranes were stained with Ponceau-S red as a control for
protein loading. Thereafter, the membranes were blocked overnight at 4°C with 5%
powdered non-fat milk in TTBS buffer. Then they were incubated for 2h at room
temperature with rabbit polyclonal anti-CB2 (1:750, Cayman Chemical, Ann Arbor, MI,
USA) or anti-p-actin (1:1000, Cell Signaling Technology, Beverly, MA) followed by
incubation with horseradish peroxidase conjugated anti-rabbit antibody (1:2000,
Amersham Biosciences, Uppsala, Sweden). Bands were Vvisualized by

chemiluminescence (ECL Western blotting analysis system; Amersham Biosciences).

128




DISCUSSION






Discussion

In the clinical practice, the assessment of liver fibrosis degree is the starting point
to initiate the treatment of patients with HCV infection, but is also very important as a
diagnosis tool in order to determine the stage and the progression of the disease. For
many vyears, the most frequently used methodology has been the liver biopsy,
however, as explained earlier, it is an invasive method with its consequent risks and it
is not always accurate. For this reason, there was an urgent need to search for new
non-invasive tools to assess the degree of fibrosis, such as serum biomarkers. Liver
fibrosis is the consequence of excessive ECM accumulation produced by sustained
damage to the liver. The fibrotic matrix is mainly constituted of collagen fibers type |,
Il and IV that slowly accumulate over time, but also, it is also degraded to a lesser
extent. The release of these degradation products to the blood flow is a manifestation
of the continuous ECM turnover occurring in the liver tissue during fibrosis
progression. In the first study, we assessed the efficacy of a new collagen Ili
degradation product, CO3-610 as a serum biomarker (Barascuk et al., 2010). In order
to achieve these results, the animals studied were classified into four groups according
to the amount of collagen content instead of the weeks of CCl; treatment, as we
observed that the individual response to the hepatotoxic agent varies between
animals. The results showed that CO3-610, quantified by serum ELISA, was able to
discriminate between mild/moderate, advanced fibrosis and cirrhosis stages, but not
between controls and mild/moderate fibrosis. This suggests that CO3-610 might be
more effective to assess advanced liver disease than in initial stages. CO3-610 was
previously tested in a model of acute damage (Vassiliadis et al., 2011), in this study we
showed that CO3-610 serum levels were significantly correlated with the liver histology
after 20 weeks of CCl, treatment.

The most relevant finding of this study was that CO3-610 presented a strong
relationship with the portal pressure. Together with the liver biopsy, the assessment of
the hepatic venous pressure gradient (HVPG) is a very important tool for the diagnosis,
staging and prognosis of the liver disease. Furthermore, in our study and with our
animal model, CO3-610 showed a closer relationship with the collagen content than
HA. This is important because HA is considered as an accurate serum marker in NAFLD

and Virus C hepatitis (Guéchot et., 1996; Suzuki et al., 2005).
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Interstitial collagen type | and lll are the main components of fibrotic livers and
the activation of the mRNA expression of collagen is considered to be a sensitive
marker of active fibrogenesis. In our study, collagen 102 mRNA behaved as a
qguantitative index of fibrosis progression in contrast to collagen 3al, which was
activated in fibrotic rats, but remained at the same level in cirrhotic animals. However,
when analyzing collagen type Ill protein accumulation by immunohistochemistry, there
was an evident increase in cirrhotic tissue over fibrotic, probably due to a decrease of
interstitial collagen degradation in advanced disease. The increase of MMP and TIMP
expression is also a hallmark of fibrogenesis and matrix changes. In agreement with
previous studies, in fibrotic animals both gelatinases (MMP2 and MMP9) and TIMP1
and 2 were upregulated. However, MMP9 mRNA levels dropped almost to control
levels in cirrhotic rats, as MMP9 has been associated with early fibrosis and
inflammation rather than cirrhosis.

The availability of an efficient serum biomarker able to assess accurately each
stage during liver fibrosis progression would definitely improve the diagnosis and
treatment of liver diseases. On the other hand, since ECM deregulation due to collagen
accumulation is the main consequence of liver stiffness, deeper research on
therapeutic strategies aimed at ECM modulation might be worth investigating.
Another appealing strategy to treat liver diseases is through therapies focused on
fibrosis progression prevention rather than reversion. In this regard, previous studies
from our laboratory described that the activation of CB2 receptors by a selective
agonist could induce liver fibrosis regression (Mufioz-Luque et al., 2008). Inspired by
this last work, we sought to describe the role of two independent endogenous
systems, the endocannabinoid and apelin systems in fibrosis progression prevention.
The results indicate that the chronic administration of either AM1241 (CB2 receptor
agonists) or F13A (APJ antagonist) reduce the hepatic collagen content in rats under
continued CCls-inhalation-induced liver damage. Both long-term treatments prevented
fibrosis progression through common mechanisms despite the dissimilarities between
the APJ and CB2 signaling pathways, thus opening new avenues for prevention
treatments in liver diseases. The improvement observed in the hepatic collagen
content after AM1241 or F13A administration, was associated with a significant

amelioration of the systemic and portal hemodynamics, reduced angiogenesis,
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inflammatory infiltrate and apoptosis compared to vehicle-treated rats. Additionally,
CB2 receptor stimulation also improved liver inflammation as indicated by AST and ALT
serum decrease. Moreover, a panel of key genes involved in the fibrogenesis process
was analyzed. The pharmacological stimulation of CB2 receptors and inhibition of the
apelin activity reduced the messenger expression of genes related to PDGF signaling,
HSC activation and ECM turnover.

The main reason for choosing this therapeutic strategy was that CB2 receptor
agonism has not been related to central side effects, moreover, our group and others
have already demonstrated the antifibrogenic properties of these receptors in
advanced liver disease. AM1241 is one of the most selective CB2 receptor agonists
currently available (Malan et al., 2001). F13A is an apelin-13 analog in which the
phenylalanine C-terminus of the peptide is substituted by an alanine residue that
behaves as an apelin specific antagonist. The interaction of this agonist with APJ fully
abolishes the apelin downstream signaling (Lee et al., 2005). There is much
experimental evidence pointing at the apelin system as an important mediator of the
initiation and perpetuation of the inflammatory and fibrogenic processes occurring in
the cirrhotic liver (Principe et al., 2008; Melgar-Lesmes et al., 2010, 2011).

Of note is that in contrast of what we previously found in cirrhotic rats, the
administration of AM1241 and F13A to fibrotic rats inhibited apoptosis in fibrotic rats,
we believe it is probably related to the different degrees of active fibrogenesis
between the two groups of CCls-treated rats. In this study, the rats were at the initial
phases of fibrosis, therefore the active fibrogenesis was higher than in rats with fully
established cirrhosis (Iredale, 2007).

Stellate cell activation is characterized by the acquisition of a proliferative,
proinflammatory and contractile phenotype of quiescent HSCs. The most accepted
activation cell marker is a-SMA. Our results showed that both treatments reduced the
expression of this mRNA, suggesting that HSC activation was repressed after CB2
agonism and APJ antagonism. In addition, our results also showed that both CB2
stimulation and APJ blockade interfere with the production of profibrogenic and tissue
repair mediators produced by chronic liver injury. Both AM1241 and F13A had an
inhibitory effect on PDGF signaling by decreasing the expression of PDGFRp.

Considering that PDGF is the most potent proliferation cytokine, this effect is of great
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importance because the mechanism of action of both treatments involves the
reduction of HSC proliferation, therefore, the progression of fibrosis is halted.

Furthermore, our results also showed that CB2 stimulation and APJ blockade also
seem to interfere ECM turnover genes. The net formation of scar tissue depends on
the balance between the synthesis and degradation. According to the first study,
untreated rats presented and induction of Colla2, MMP2 and both TIMP1 and 2
MRNA expression. In contrast, treated rats showed an increase of MMP/TIMP ratio in
agreement with the inhibition of fibrosis progression. The altered ratio was due to
TIMP1 inhibition rather than to further activation of MMP2, further supporting the
concept that TIMPs are the main regulators of ECM degradation by controlling the
activity of the secreted MMPs.

The second study showed that HSC activation and ECM turnover could be
modulated by two different antifibrogenic agents. In connection with that, we next
studied the effect of impairing PDGF signaling by interfering with PDGFRf through the
adenoviral transduction of a dominant-negative soluble form of PDGFRf (sPDGFRp).
Following the same methodology of the first study, the rats were grouped into 3
groups (control, fibrosis and cirrhosis) according to the histological quantification of
the liver collagen content. The progressive deposition of the collagen content during
the evolution of the liver disease correlated with the mRNA expression of PDGFRf
demonstrating that PDGFRf can discriminate between the different stages of fibrosis.
Moreover, there was a significant relationship between the deterioration of the
hemodynamic parameters and the hepatic collagen content, particularly relevant in
the case of portal pressure. Taking into account the last results and the relevant role of
PDGF in liver fibrosis, we evaluated the therapeutic effects of intravenous
administration of sSPDGFRf. It has been described that adenoviral transduction of this
soluble form blocks the activation of HSC and attenuates fibrosis induced by bile duct
ligation in rats (Borkham-Kamphorst et al., 2004). In vitro assays showed that sSPDGFRf3
protein was present in HepG2 cells supernatants, confirming the effectiveness of the
transduction and its protein expression in this cell type. Furthermore, the analysis in
vivo seven days after the administration of the adenovirus confirmed the expression of

sPDGFRp in the serum of fibrotic rats. Adenoviral transduction might induce toxicity in
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humans, however in our animal model, no significant differences where observed in
serum parameters of liver and renal function after the transduction or either -gal or
sPDGFRp adenovirus, therefore confirming that the adenovirus transduction did not
induce an inflammatory response. The pharmacological inhibition of the
phosphorylation of tyrosine kinase receptors has been largely investigated. The
combined inhibition of VEGF and PDGF produced a reduction in the portal pressure of
cirrhotic rats (Tugues et al., 2007; Ferndndez et al., 2007). Specific disruption of PDGF
signaling by the adenovirus encoding for sPDGFR} was associated with a significant
amelioration in the systemic and portal hemodynamics, as reflected by an increase of
MAP and a decrease of PP, compared to -gal-treated animals.

Adenoviral transduction significantly attenuated the hepatic collagen content and
protein expression of a-SMA, which is consistent with previous studies (Liu et al.,
2011). Autophosphorilation of PDGFRP is a prerequisite for PDGF downstream
signaling through Ras/ERK regulated kinase pathway (Pinzani et al., 1996; Marra et al.,
1999). Accordingly, we found that sPDGFRp significantly reduced the phosphorylation
of ERK1/2 in fibrotic animals, therefore confirming that the PDGF signaling pathway
was compromised by the administration of the adenovirus. In addition, ERK1/2
translocate into the nucleus triggering the transcription of genes involved in cell
proliferation. In this regard, here we have showed that the decrease of liver fibrosis
could be associated with the effect of sSPDGFRf on HSC activation and proliferation as
reflected by the disruption of PDGF signaling and reduced a-SMA.

In accordance with the second study, CB2 receptors exert antifibrogenic
properties and anti-inflammatory functions in the liver. Moreover, there is compelling
evidence that the endocannabinoid system is very important in the regulation of the
immune and host-defense mechanisms, mediated mainly by CB2 receptors (Massi et
al., 1998). Taking into account that cirrhotic patients with ascites are prone to bacterial
infections, which is associated with a higher mortality rate (Fernandez and Gustot,
2012), we investigated whether LPS regulates CB2 expression in human monocytic cell
lines and in monocytic cells of cirrhotic patients. Several investigations have
documented the existing relationship between the endocannabinoid system and

immunoresponse. Cytokines released by macrophages exposed to LPS were
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attenuated when the cells where treated with AEA or a selective agonist (Batkai et al.,
2012). The results of this study showed that LPS repressed CB2 receptor mRNA
expression in U937 cells, resulting in a depressed chemotactic activity and therefore an
impaired host-defense of those cells. LPS is able to modify the transcriptional start site
of CB2 mRNA as seen in murine splenocytes (Sherwood et al., 2009) therefore,
providing a possible mechanism of action of LPS on CB2 receptors. Moreover, AEA and
2-AG may also induce chemotactic activity in immune cells (Kishimoto et al., 2003,
2005) and in addition, we showed that the attenuated effect by LPS pretreatment was
also observed by the blockade of CB2 receptors by a selective antagonist (SR144528),
thus confirming the direct involvement of CB2 receptors. This is important, since under
conditions of bacterial infection such as SBP, an enhanced migration is beneficial, but
CB2 receptor inhibition may result in host-defense impairment.

The analysis of an array of antibacterial response genes reveled that the mRNA
pattern expression of LPS-pretreated U937 cells compared to non-treated cells clearly
differed. Most of the upregulated genes are closely correlated with cytokine activation
or chemokine receptors. It is important to highlight that both CB1 and CB2 receptors
where markedly downregulated and that no other genes showed these differences.
Interestingly, all these changes in gene expression were almost fully suppressed when
the experiments were performed in the presence of PMB, thus demonstrating the
specificity of this effect triggered by LPS.

As previously mentioned, bacterial infections are life threating for cirrhotic
patients with ascites. This increased susceptibility has been associated with alterations
in the immune response. In agreement with the in vitro results obtained in U937 cells,
circulating monocytes and peritoneal macrophages of cirrhotic patients presented a
significant downregulation of CB receptors, being much more intense in patients with
SBP. Taken together these results strengthen the fact that the endocannabinoid
system has an important role in liver diseases acting as an antifibrogenic agent, but

also taking part in the defense response mechanisms in cirrhotic patients.
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From the results obtained in the four studies presented in this thesis, the
conclusions are:
1) Type lll collagen CO3-610 fragment closely correlates with hepatic collagen

content and portal pressure in rats with fibrosis.

2) CO3-610 sequence is identical in rodents and humans, therefore, the findings
suggest that this peptide could ultimately be a useful non-invasive biomarker of

fibrosis in patients with liver disease.

3) The stimulation of CB2 receptors or the blockade of the apelin system is able to

attenuate collagen deposition in CCls-treated rats through common mechanisms.

4) Both antifibrogenic strategies inhibited the mRNA expression of PDGFRf3, and

altered the MMP/TIMP ratio by decreasing TIMP1 protein expression.

5) Therapies against PDGF signaling or TIMP1 activity seem to offer future therapy

possibilities.

6) Hepatic mRNA expression of PDGFR[ closely correlates with the hepatic

collagen content and contributes to hemodynamic deterioration in CCl,-treated rats.

7) The specific blockade of the PDGF signaling pathway by an adenovirus
transduction promotes an improvement in systemic hemodynamics and portal

pressure, as well as an amelioration of the degree of fibrosis in fibrotic rats.

8) Strategies addressed to block PDGF signaling pathway in the liver could be
useful in the management of human liver disease providing a potential site for

therapeutic intervention.

9) LPS pretreatment markedly reduced CB2 mRNA and protein expression in a

human monocytic cell line (U937) after, without affecting cell viability.

10) This CB2 expression reduction is translated into a depressed chemotactic

activity, which could compromise the host-defense mechanisms of those cells.



11) Downregulation of the messenger expression induced by LPS in human derived
monocytic cells is highly specific for CB receptors as demonstrated by an array analysis

of 86 different genes involved in antibacterial response.

12) Circulating monocytes and peritoneal macrophages of cirrhotic patients show
decreased expression of CB receptors. This reduction was more intense in cells

obtained from patients with SBP and almost suppressed in peritoneal macrophages.

As a whole, after the results obtained in this thesis, it can be concluded that the
assessment of liver fibrosis is an important tool for the liver disease diagnosis, and that
this could be improved through the use of effective serological markers that correlate
with portal hemodynamics parameters and liver fibrosis. Halting fibrosis progression
could present new therapeutic options either through pharmacological intervention,
or genetic impairment of key genes involved in the progression of the disease. Finally,
the quality of life of cirrhotic patients with ascites affected by SBP could be

substantially improved by therapies involving CB2 receptors.
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