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Summary

Alterations in our life-style such as high caloric intake combined with a
sedentary life style have highly augmented the number of obese people in
developed countries over the last decades, and it is expected to increase
further in the near future. Non-alcoholic fatty liver disease (NAFLD) represents
the most common liver morbidity, characterized by excessive fat accumulation
(steatosis). Approximately 30% of patients with NAFLD develop non-alcoholic
steatohepatitis (NASH) which in addition to steatosis also involves chronic
inflammation, hepatocellular damage and fibrosis. NASH constitutes a major
risk factor for hepatocellular carcinoma (HCC), which is the most common
primary liver malignancy and the third most common cause worldwide of
cancer-related death. To date, the exact mechanism underlying NASH and
NASH-induced HCC is still unknown.

A prolonged high caloric diet intake leads to oxidative stress due to increased
levels of reactive oxygen species (ROS) produced mainly by endogenous
aberrant mitochondria, endoplasmic reticulum (ER) and peroxisomes. ROS
negatively affect lipids and proteins, thus generating lipid peroxidation and
protein carbonylation (protein adducts by ROS or by lipid peroxidation
products). These oxidative stress by-products deregulate the hepatic fatty
acids homeostasis and induce ER stress. Lipid peroxidation in particular is
considered a relevant source of mutagens triggered by ROS.

Beyond lipids and proteins modification, oxidative stress modifies also DNA,
generating DNA adducts. Furthermore, it favors the activation of the immune
response and increases proliferation, eventually resulting in tumorigenesis.
This is relevant not only in livers of NASH-affected patients, but also in HCC

cases.

To study the role of ROS in NASH and in NASH-induced HCC mouse models,
| tested the effects of two different antioxidant compounds, one synthetic and
one natural, termed respectively butylated hydroxyanisole (BHA) and

astaxanthin (AXT) in mouse models of NASH. The aim was to assess whether



therapeutic treatment with antioxidants would ameliorate NASH and reduce

cancer incidence.

To test this hypothesis, | prophylactically fed C57BI/6J mice on a choline-
deficient, high-fat diet (CDHFD), which induces NASH, in combination with
BHA or AXT. The BHA+CDHFD group did not develop obesity or NASH, in
contrast to the AXT+CDHFD mice which became obese but had ameliorated

NASH and significantly reduced inflammation and proliferation.

To investigate the effect of antioxidants on HCC development, CDHFD
feeding regimen was exchanged with BHA+CDHFD or AXT+CDHFD after 6
months, time point in which NASH is already established. The BHA+CDHFD
diet-switch group showed a cancer incidence of 10%, while for the
AXT+CDHFD diet-switch group the incidence was 11.5%. The control group
fed only a CDHFD displayed a 34% HCC incidence.

In order to evaluate the role of ROS in the transition from NAFLD to NASH,
we switched the diet at early NASH stage. This group was on CDHFD for 3
months and then kept on AXT+CDHFD for 9 months. These mice developed
no tumors and exhibited reduced NAFLD Activity Score.

To determine whether there is a point of no return for liver tumor development
over the course of NASH, | performed two additional experiments where
CDHFD was switched to normal diet at late NASH stages (at 6 and 9 months).
Since the tumor incidence was not different between the two groups, |
concluded that the crucial changes which eventually lead to cancer probably

happen before the 6-month time point of CDHFD feeding regimen.

| also performed a search for early serological biomarkers of NASH-induced
HCC risk. This analysis revealed a potential candidate involved in glycolysis,
which is one key metabolic pathway involved in energy consumption by

neoplastic cells.

In addition, within the frame of my PhD studies, | established a protocol for
RNA extraction from mass-spectrometry imaging (MSI)-processed human
intrahepatic cholangiocarcinoma (iICCA) samples. The samples were used for

the preparation of RNA sequencing libraries, with the final aim to characterize



intra-tumor heterogeneity in iICCA defined by the spatial distribution of

metabolites' expression.

Overall, these data indicate that oxidative stress is indeed an important driver
of tumorigenesis that should be considered in NASH therapeutic practice in
order to reduce cancer risk. In addition, changing lifestyle before the
establishment of full-blown NASH may be required to substantially reduce the

risk of developing liver cancer.

Zusammenfassung

Verédnderungen in unserem Lebensstil, wie z.B. eine hohe Kalorienzufuhr in
Kombination mit einem bewegungsarmen Lebensstil, haben die Zahl der
fettleibigen Menschen in entwickelten Landern in den letzten Jahrzehnten
stark erhoht, und es wird erwartet, dass sie in naher Zukunft weiter zunehmen
wird. Die nichtalkoholische Fettlebererkrankung (NAFLD) stellt die haufigste
Lebererkrankung dar, und ist durch eine Ubermalige Fettansammlung
(Steatose) gekennzeichnet. Etwa 30% der Patienten mit NAFLD entwickeln
eine nichtalkoholische Steatohepatitis (NASH), die neben der Steatose auch
chronische Entziundungen, hepatozellulare Schaden und Fibrose mit sich
bringt. NASH stellt einen wichtigen Risikofaktor fir das hepatozellulare
Karzinom (HCC) dar, die haufigste priméare Lebermalignitat und die weltweit
dritthdufigste Ursache fur krebsbedingten Tod. Bis heute ist der genaue
Mechanismus, der NASH und NASH-induziertem HCC zugrunde liegt, noch

unbekannt.

Eine verlangerte Zufuhr von hochkalorischer Nahrung fuhrt zu oxidativem
Stress aufgrund erhéhter Mengen an reaktiven Sauerstoffspezies (ROS), die
hauptsachlich durch endogene, aberrante Mitochondrien, endoplasmatisches
Retikulum (ER) und Peroxisomen produziert werden. ROS beeinflusst Lipide
und Proteine negativ und erzeugt Lipidperoxidation und Proteincarbonylierung
(Proteinaddukte durch Lipidperoxidationsprodukte). Diese aus oxidativem
Stress stammenden Nebenprodukte regulieren die Hombostase der

Leberfettsauren und induzieren ER-Stress. Insbesondere die



Lipidperoxidation gilt als eine relevante Quelle fir Mutagene, die durch ROS

ausgelost werden.

Neben der Modifikation von Lipiden und Proteinen verandert oxidativer Stress
auch die DNA und erzeugt DNA-Addukte. Daruber hinaus begunstigt es die
Aktivierung der Immunantwort und erhoht die Proliferation, was zu einer
Tumorgenese fuhrt. Dies ist nicht nur bei Lebern von NASH-behafteten

Patienten relevant, sondern auch bei HCC-Fallen.

Um die Rolle von ROS in NASH und in NASH-induzierten HCC-
Mausmodellen zu untersuchen, habe Ich die Effekte von zwei verschiedenen
antioxidativen Verbindungen, einer synthetischen (butyliertes Hydroxyanisol
(BHA)) und einer naturlichen (Astaxanthin (AXT)) in Mausmodellen von NASH
getestet. Unser Ziel war es, zu beurteilen, ob eine therapeutische Behandlung
mit Antioxidantien das Krankheitsbild von NASH verbessern und die

Krebsinzidenz reduzieren wirde.

Um diese Hypothese zu testen, behandelten wir C57BIl/6J-Mause welche mit
einer cholinarmen, fettreichen Erndhrung (CDHFD) gefittert wurden, die
NASH induziert, prophylaktisch mit BHA oder AXT. Die BHA+CDHFD-Gruppe
entwickelte weder Fettleibigkeit noch NASH, im Gegensatz zu den
AXT+CDHFD-Mausen, welche fettleibig wurden, aber abgemilderte NASH
und deutlich reduzierte Entziindung und Proliferation zeigten.

Um die Wirkung von Antioxidantien auf die HCC-Entwicklung zu untersuchen,
wurde das Ernahrungsregime von CDHFD nach 6 Monaten mit BHA+CDHFD
oder AXT+CDHFD ausgetauscht, ein Zeitpunkt, an dem NASH bereits
etabliert ist. Die BHA+CDHFD-Diat-Switchgruppe zeigte eine Krebsinzidenz
von 10%, wahrend die AXT+CDHFD-Diat-Switchgruppe eine Inzidenz von
11,5% aufwies. Die Kontrollgruppe, die nur mit einer CDHFD versorgt wurde,

zeigte eine 34%ige HCC-Inzidenz.

Um die Rolle von ROS beim Ubergang von NAFLD zu NASH zu bewerten,
stellte Ich die Erndhrung in einem frihen NASH-Stadium um. Diese Gruppe

war 3 Monate lang auf CDHFD und blieb dann 9 Monate lang auf



AXT+CDHFD. Diese Mause zeigten keine Tumore und reduzierten den
NAFLD Activity Score.

Um festzustellen, ob es einen Umkehrgrenzpunkt gibt, an dem die
Entwicklung eines Lebertumors im Laufe von NASH nicht mehr aufzuhalten
ist, fuhrten wir zwei zusatzliche Experimente durch, bei denen CDHFD-Mause
in spaten NASH-Stadien (nach 6 und 9 Monaten) auf normale Chow-Diat
umgestellt wurden. Da die Tumorinzidenz zwischen den beiden Gruppen nicht
unterschiedlich war, kommen wir zu dem Schluss, dass die entscheidenden
Veranderungen, die schlie3lich zu Krebs fuhren, wahrscheinlich vor dem 6-

Monats Zeitpunkt des CDHFD-Futterungsprogramms stattfinden.

Ich habe auch eine Suche nach frihen serologischen Biomarkern fir das
NASH-induzierte HCC-Risiko durchgefihrt. Diese Thesis zeigt einen
potenziellen Kandidaten, der an der Glykolyse beteiligt ist, einem
Stoffwechselweg, der bekanntermalRen am Energieverbrauch neoplastischer
Zellen beteiligt ist.

Darliber hinaus habe ich im Rahmen meines Dissertationsprojektes ein
Protokoll fur die RNA-Extraktion aus Massen-Spektrometrie (MSI)-
verarbeiteten humanen intrahepatischen Cholangiokarzinom (iCCA)-Proben
erstellt. Die Proben wurden fur die Vorbereitung von RNA-Sequencing
libraries verwendet, mit dem Ziel, die intratumorale Heterogenitét in iCCA zu
charakterisieren,  definiert durch die rdumliche Verteilung der

Metabolitenexpression.

Insgesamt deuten unsere Daten darauf hin, dass oxidativer Stress in der Tat
ein wichtiger Treiber der Tumorgenese ist, der in der therapeutischen Praxis
von NASH bericksichtigt werden sollte, um das Krebsrisiko zu reduzieren.
Dartiber hinaus kann eine Anderung des Lebensstils vor der Etablierung von
NASH erforderlich sein, um das Risiko der Entstehung von Leberkrebs

erheblich zu reduzieren.



1 Introduction

1.1 The liver

1.1.1 Liver physiology and cell composition

The liver, technically classified as a gland, is the largest solid organ in the
human body. It is located in the upper right-hand quadrant of the abdominal
cavity and it exerts several different functions, such as bile production
necessary for digestion, metabolism of lipids, proteins and carbohydrates,
vitamin and mineral storage (e.g. vitamins A, D, E, K, and B12; minerals as
iron in the form of ferritin and copper), detoxification, blood volume regulation,
and regulating immune responses. The hepatic cellular structure can be
divided into liver parenchymal cells composed of hepatocytes, accounting for
60-80% of the liver total number of cells, and the non-parenchymal cells
comprising the liver sinusoidal endothelial cells (LSECs), resident
macrophages called Kupffer cells (KCs) and hepatic stellate cells (HSCs)
(Crispe, 2009). The liver is the only organ capable of regeneration: after
partial hepatectomy, it regenerates due to the capability of the hepatocytes to
pass from a quiescent state to compensatory hyperplasia. In the case of acute
liver failure, the process is driven by the differentiation of progenitor cells
(Fausto et al., 2006).

1.1.2 The immune functions of the liver

Antigens produced by different sources (e.g. diet, drugs, viruses, bacteria) are
metabolized in the liver, and the immunological response towards them is
strictly regulated. In fact, liver homeostasis is necessary to prevent tissue
damage in response to external stimuli. The LSECs are the gatekeepers of
liver homeostasis. They comprise 50% of the non-parenchymal cells and form

the fenestrated capillaries of the liver. This vascular system allows the blood
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flow to slow down in order to increase the chances of recognition of antigens
from arterial (hepatic artery) and venous blood (portal vein) (Jenne and
Kubes, 2013). The LSECs have an important role in antigen presentation.
LSECs, by binding CD8" T cells via the major histocompatibility complex |
(MHC-I), generate tolerogenic CD8" T cells that are incapable of producing
effector cytokines. In addition, they regulate immune homeostasis by blocking
the activation of CD8" T cells from the dendritic cells (DCs) through
downregulation of DC costimulatory molecules such as CD80/86 and
interleukin-2 (IL-2) (Schildberg et al., 2008). Adjacent to the LSECs are the
resident liver macrophages, the KCs, which are directly exposed to the blood
flow. They make up approximately 35% of the non-parenchymal cells. The
KCs are able to capture bacteria and become activated through scavenger
receptors, Toll-like receptors (TLRs), complement and antibody receptors
(Jenne and Kubes, 2013). These cells are so important for the function of
phagocytosis of pathogens, that their absence causes bacteremia and host
death (Helmy et al.,, 2006). KCs patrticipate, together with the natural killer
cells (NKs) and natural killer T cells (NKTSs), in the innate immune response.
Through the pattern recognition receptors (PRRS), they recognize pathogen-
derived molecules (pathogen-associated molecular pattern (PAMPS), such as
lipopolysaccharide (LPS)), and during the sterile inflammatory response, they
recognize molecules such as denatured proteins, or released DNA after
necrosis (damage-associated molecular pattern (DAMPS)). KCs and NKs
participate in the activation of pro-inflammatory or anti-inflammatory
responses via cytokine release and antigen presentation (via major
histocompatibility complex | and Il; MHCI and MHCII) to adaptive immune
cells. The major pro-inflammatory cytokines released by KCs are tumor
necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6). During acute liver injury
the KCs recruit myeloid cells to the site of inflammation, and they further
produce pro-inflammatory cytokines. Neutrophils also participate in this
response, which after infiltration in the liver generate ROS to promote
hepatocyte death (Weston et al., 2019). The resolution of the inflammation is
exerted by release from KCs of anti-inflammatory cytokines (e.g. interleukin-
10 (IL-10)) and by the clearance of neutrophils through restorative

macrophages (Triantafyllou et al., 2018).
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1.2 Non-Alcoholic Steatohepatitis (NASH)

1.2.2 NASH epidemiology and risk factors

Over the last decades, unhealthy lifestyles, characterized by high caloric
intake and physical inactivity, have led to a dramatic increase of obesity (BMI
>30 kg/m?) and related diseases (W.H.O., 2017), particularly in Western
countries such as the USA and Europe (Bluher, 2019). Consequently, a link
between obesity and increased cancer incidence has been observed
(Polednak, 2008). A constant regimen of high caloric food induces a state of
chronic inflammation in different organs, in particular in the adipose tissues,
the gut, and the liver. One of the most frequent chronic liver diseases
worldwide is non-alcoholic fatty liver disease (NAFLD), affecting 25% of the

population (Younossi and Henry, 2016; Younossi et al., 2019) (fig.1).

" Europe:
2171'.
A Middle East:

Figure 1. Global NAFLD prevalence (from Younossi and Henry, 2016).

NAFLD risk factors include obesity, type 2 diabetes mellitus (T2DM),
metabolic syndrome (abdominal obesity, hypertriglyceridemia, hyperlipidemia,
high blood pressure) and genetic polymorphisms (e.g. PNPLA3 and TM6SF2)
(Younossi et al., 2018). NAFLD is marked by fatty acid accumulation
(steatosis), low-grade to high-grade inflammation, and can display
hepatocellular injury ((EASL) et al., 2016). Globally, the NAFLD prevalence
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has been estimated to be 25.24% (fig.1) and is foreseen to increase in the
next decade, especially in industrialized countries (Estes et al., 2018a; Estes
et al., 2018b; Younossi et al.,, 2018). Non-alcoholic steatohepatitis (NASH)
manifests when the liver is severely inflamed, having reached a state of
chronic inflammation resulting in high liver damage. A percentage of around
30% of NAFLD-affected patients develop NASH (Musso et al., 2010), which is
3-5% of the entire population (Povsic et al., 2019). Of those NASH patients,
15-25% can end up with cirrhosis, which is thought to increase the risk of liver

failure and cancer (Bugianesi et al., 2002; Hossain et al., 2016).

1.2.3 NASH pathogenesis

The molecular pathogenesis of NASH was initially described by the two-hit
hypothesis, with the first hit defined by fatty acid accumulation in the liver
(steatosis), whereas the second hit marked by oxidative stress, endoplasmic
reticulum (ER) stress, inflammation, and hepatocytes cell death (Buzzetti et
al.,, 2016; Day and Saksena, 2002). A new consensus instead supports a
multi-parallel hits hypothesis (fig.2), where dyslipidemia, oxidative and ER
stress, mitochondrial dysfunction, altered immune response and dysbiosis
(imbalanced gut microbiota) contribute concurrently to the development of
NASH (Takaki et al., 2013; Tilg and Moschen, 2010).
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Figure 2. The “multiple hits theory” of NAFLD and NASH pathogenesis. The “multiple
hits theory” for the development of NAFLD and NASH is based on the hypothesis that
different insults act together to drive the disease. A high-fat diet, combined with a sedentary
lifestyle, contributes to establishing intestinal gut leakage and subsequent release of
lipopolysaccharide (LPS). LPS targets hepatocytes and Kupffer cells (KCs) inducing a pro-
inflammatory response. Free fatty acids (FFA) coming from dietary intake, adipose tissue
lipolysis, or from de novo hepatocytes lipogenesis, lead to hepatic lipotoxicity. Lipotoxicity is
characterized by hepatocytes ER stress and cell death forms (e.g. apoptosis, necroptosis).
Oxidative stress (OxS), caused by continuous hepatic lipid overload, results from the initial
mitochondrial radical oxygen species (ROS) overproduction and from impaired antioxidant
machinery. Furthermore, OxS is involved in the generation of lipid peroxidation products,
which contributes to DNA damage and protein modifications. Simultaneously to these
processes, also the immune system contributes to liver damage by establishing a chronic
inflammatory status, typical of NASH. The unresolved inflammation results in activation of the

hepatic stellate cells (HSCs) responsible for the development of liver fibrosis.
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1.2.3.1 Lipotoxicity: ER stress and apoptosis

In the transition from NAFLD to NASH, a continuous intake of a diet rich in fat
content leads to lipotoxicity (Lee et al., 1994), which causes dysfunction of
organelles, inflammation and subsequent cell death (e.g. apoptosis, necrosis
and necroptosis) (Neuschwander-Tetri, 2010). The intrahepatic fatty acid
overload may derive from dietary lipids (15%), free fatty acids resulting from
lipolysis of adipose tissue (60-80%), impaired lipid catabolism (reduced
mitochondrial fatty acid oxidation and their export through the very low-density
lipoprotein (VLDL) particles), up-regulation of fatty acid uptake and de novo
lipogenesis (5%) (Marchesini et al.,, 2016). The constant lipid overload
deregulates fatty acid metabolism and subsequently affects ER and
mitochondrial functions (Kawano and Cohen, 2013). The endoplasmic
reticulum (ER) regulates calcium homeostasis, protein metabolism, lipid

biosynthesis, and biogenesis of lipid droplets.

During NAFLD pathogenesis, in order to cope with excess fatty acid intake,
free fatty acids are converted into triglycerides (TGs) that accumulate in the
subdomain of the ER. Subsequently, the accumulated TGs are released from
the ER through single membrane budding (Akazawa and Nakao, 2018).
Animal models and human studies have shown that lipid droplets formation
and accumulation is not the cause of hepatocyte injury (Neuschwander-Tetri,
2010). The harmful fatty acids contributing to lipotoxicity are rather free fatty
acids, also called non-esterified fatty acids (NEFAS). They are released from
lipolysis of adipocyte TGs or from lysosomal breakdown of vesicles containing
lipoprotein remnants or they can be generated through de novo lipogenesis
(Gentile et al., 2011). In particular, saturated fatty acids (SFAs) are reported to
be involved in hepatic injury since they are poorly internalized by the
conversion of triglycerides in lipid droplets, and their structure affects the

fluidity of cellular membranes.

One SFA known to be involved in NAFLD and NASH pathogenesis is palmitic
acid, a saturated long fatty acid (Miura et al., 2013; Ogawa et al., 2018). A
high-fat diet leads to the depletion of calcium stores (Wires et al., 2017),
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accumulation of NEFAs and/or misfolded or unfolded proteins in the ER
lumen, resulting in ER stress and activation of the unfolded protein response
(UPR) (Basseri and Austin, 2012). The UPR signaling pathway, in addition to
its role in activating chaperones and protein degradation enzymes, is also
involved in hepatic lipid accumulation via PKR-like ER kinase (PERK) and
inositol-requiring enzyme 1 (IRE-1a): PERK induces sterol regulatory element
binding protein 1 (SREBP1) and IRE-1a activates X-box binding protein 1
(XBP-1). The activation of these regulatory proteins leads to the expression of
lipogenic genes that favor the development of steatosis and lipid droplet
formation (Basseri and Austin, 2012; Sharma et al., 2018). Phosphorylation of
IRE-1a can promote the activation of kinases involved in stress and
inflammatory responses, such as p38 mitogen-activated kinase (MAPK14),
extracellular-regulated kinase (ERK), and c-Jun-NH,-terminal kinase (JNK).
Activated PERK can also drive inflammation via phosphorylation of the
eukaryotic translation initiation factor 2A (elF2a) which also leads to the
regulation of the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) pathway (Gentile et al., 2011).

Lipotoxicity, in addition to ER stress, is also characterized by apoptosis (Cao
et al.,, 2012). In NASH, NEFA-induced apoptotic hepatocyte cell death is
termed lipo-apoptosis and interconnects ER stress and apoptosis. Under
sustained ER stress, phosphorylated IRE-1a forms a pro-apoptotic complex
that, together with the apoptosis signal-regulating kinase 1 (ASK1), eventually
phosphorylates and activates the Jun-N-terminal kinase (JNK) pathway
(Hapala et al., 2011). It has been shown that hepatic lipotoxicity is mediated

by JNK signaling, and in particular, by the JNK2 isoform (Malhi et al., 2006).

In NAFLD and NASH, hepatocyte apoptosis is executed by the extrinsic and
the intrinsic pathways (Kanda et al., 2018; Syn et al., 2009). The extrinsic
pathway is mediated by ligation of TNF-a, FasL, or TNF-a-related apoptosis-
inducing ligand (TRAIL) to death receptors that activate caspase 8 and
eventually caspase 3 (Hirsova and Gores, 2015). The intrinsic pathway
becomes activated by mitochondrial dysfunction driven by ER stress-activated
JNK, C/EBP homologous protein (CHOP) and calcium release. The resulting

increased membrane permeability and cytochrome c release, eventually
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activates caspase 3, thus converging with the extrinsic pathway for the
execution of apoptosis. The intrinsic pathway can be also be induced by the
release of proteolytic enzyme cathepsin B in the cytosol from disrupted
lysosomes (Alkhouri et al., 2011). Histopathological evaluation with liver
biopsy stained with hematoxylin-eosin allows to determine apoptotic
hepatocytes by the typical ballooning feature (Caldwell et al., 2010). In
NAFLD patients, the detection of NASH serum biomarkers, such as
cytokeratin-18 fragments and Bcl-2, precedes NASH detection via biopsy.
These markers correlate with the degree of hepatocyte apoptosis (Arab et al.,
2017; El Bassat et al., 2014; Feldstein et al., 2009; He et al., 2017).

Lipo-apoptosis (cell death induced by dyslipidemia) plays a pivotal role in
chronic inflammation and fibrosis (Brenner et al., 2013). Hepatocytes that
underwent lipo-apoptosis are phagocytized by KCs, which recruit circulating
monocytes and neutrophils to the liver via the TLR4 pathway. Infiltrating
monocytes are characterized by the expression of lymphocyte antigen 6
complex, locus C1 (Ly6C"). The Ly6C"™" positive cells are known to be
profibrogenic by inducing, via cytokines, collagen formation from HSCs
(Ogawa et al., 2018; Tacke and Zimmermann, 2014). In the hepatocytes,
when apoptotic signaling is initiated but not completed, “sub-lethal” death
signaling occurs, which also induces inflammation and fibrosis (Kakisaka et
al., 2012; Machado et al., 2015).

Other lipotoxic lipids are lysophosphatidylcholine (LPC) (generated from
phosphatidylcholine of cellular membranes), ceramides (synthesized from
serine and palmitic acid or from hydrolysis of plasma membrane
sphingomyelin) and eicosanoids (products of arachidonic acid’s metabolism).
LPC and ceramide induce ER stress and apoptosis (Kakazu et al., 2016). The
ER releases ceramide-enriched extracellular vesicles which induce KC
activation and monocyte chemotaxis to the liver (Musso et al., 2018). In
addition, ceramides can directly affect the mitochondrial electron transport
chain (ETC) and can block the insulin pathway by inhibiting the
phosphorylation and activation of AKT, resulting in insulin resistance (Musso
et al., 2018). The eicosanoids (prostacyclins, thromboxane, leukotrienes,

prostaglandins) are known to be lipid effectors of inflammation, produced
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mainly by the oxidation of arachidonic acid, mediated by the cyclooxygenases
(COX-1 and COX-2) (Musso et al., 2018) (fig.3).
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Figure 3. Mechanisms of lipotoxicity in hepatocytes during NAFLD and NASH
progression (from Musso et al, 2018). Saturated fatty acids (SFAs) and
lysophosphatidylcholine (LPC) can induce apoptosis executing the extrinsic (via death-
receptors) and the intrinsic (via JNK and ER stress) pathways. JNK also leads to insulin
resistance, ETC impaired activity and increased mitochondrial ROS production. Through
binding with TLR4, SFAs can drive the activation of NF-kB signaling and following production
of pro-inflammatory cytokines. Furthermore, SFAs can promote inflammasome activation.
The activity of the phospholipase A2 (PLA2) produces arachidonic acid (precursor for the
synthesis of the pro-inflammatory eicosanoids) and LPC, and at the same time has

detrimental effects on membrane integrity.
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1.2.3.2 Mitochondrial dysfunction and NASH

The mitochondrion is an essential organelle of eukaryotic cells, responsible
for fat and energy homeostasis. Its ultrastructure comprises a double
membrane, where the inner membrane contains the chemiosmotic apparatus
for the production of energy in the form of adenosine triphosphate (ATP). The
space enclosed in the inner membrane is called matrix and contains
mitochondrial DNA, enzymes involved in the citric acid cycle (Krebs cycle),
mitochondrial ribosomes and tRNA. In the mitochondrial matrix, the majority of
the reactions of p-oxidation for the catabolism of fatty acids takes place,
followed by peroxisomes, and in minor form, as w-oxidation, by microsomal
enzymes (Bellanti et al., 2017). When energy is needed (e.g. during fasting),
complex lipids (TGs) are firstly catabolized by lipases that generate non-
esterified fatty acids (NEFAs) by hydrolysis. The activation and the transport
of NEFAs inside the mitochondria happen after their conversion into Acyl-
CoA. Moreover, in the mitochondrial matrix Acyl-CoA undergoes a series of
oxidative modifications in the frame of the p-oxidation process, which
eventually generates Acetyl-CoA. From these reactions, the resulting
products, such Acetyl-CoA and NADH/FADH,, are fed into the Krebs cycle
and the electron transport chain (ETC), respectively (Bellanti et al., 2017).

The process of producing ATP by phosphorylation of ADP is called oxidative
phosphorylation: it occurs by a sequence of reduction and oxidation (redox)
reactions that generate a transmembrane electric potential coupled with the
transport of protons across the inner mitochondrial membrane. The system is
composed of an orchestrated chain of enzymes called Complex | to Complex
IV and F1Fo-ATP synthase, which function as proton pumps, plus two
intermediary substrates (coenzyme Q and cytochrome c). They are located at
the inner mitochondrial membrane and are associated with electron donors
(NADH and FADH,). During the ETC steps, a small percentage of electrons
does not react with protons and instead directly reacts with oxygen at the
phase of complex | and complex Ill, forming the radical oxygen species (ROS)

superoxide anion radicals (O,") (Mansouri et al., 2018; St-Pierre et al., 2002).
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Enzymes such as NADPH oxidase (NOS), xanthine oxidase (XO),
lipoxygenases (LOX), and cyclooxygenases (COX) can also produce

superoxide anions (Curtin et al., 2002).

Secondary ROS can be produced via enzymatic activity, like superoxide
dismutase (SOD). SOD reduces superoxide anion to hydrogen peroxide
(H20.), which can be transformed via the Fenton reaction into hydroxyl free
radical (HO"). Nitric oxide (NO), an important intracellular signal transducer, is
produced by inducible NO synthase (iNOS) in the cytosol of hepatocytes (or
Kupffer cells or endothelial cells) under stimuli such as endotoxin and pro-
inflammatory cytokines (Tirmenstein et al.,, 2000). NO can diffuse inside the
mitochondria and react with superoxide, generating the free radical
peroxynitrite (ONOO").

The mitochondrion has a refined system of ROS detoxification: superoxide
anions are converted first into H,O, by superoxide dismutase (SOD) followed
by transformation into oxygen and water by the enzyme catalase (CAT).
H,O,, as well as peroxynitrite, can also be safely removed by the action of
thioredoxin associated with thioredoxin reductase (TXNRD1) and
peroxiredoxin (PRDX), or by reduced glutathione with glutathione peroxidase
(GPX) (Balaban et al., 2005). Enzymes that regenerate glutathione and
thioredoxin require NADPH, which is used as a substrate for oxidation (Hayes
and Dinkova-Kostova, 2014). Mitochondria can generate NADPH via catalytic
reaction of the nicotinamide nucleotide transhydrogenase (NNT), isocitrate
dehydrogenases 2 (IDH2) and malic enzyme 3 (ME3) (Dey et al., 2016). The
enzyme NNT is particularly important for the provision of NADPH since it
directly catalyzes the reduction of NADP* to NADPH coupled to inward proton
translocation across the inner mitochondrial membrane (Nickel et al., 2015).

Mitochondrial dysfunction has been shown to be characteristic of NASH
affected patients (Bellanti et al., 2017). During the development of NAFLD and
subsequent NASH, mitochondria react to the excessive hepatic fatty acid
accumulation by increasing p-oxidation. Subsequently, ETC respiration
increases, and this favors the overall overproduction of ROS that affects the

mitochondrion itself, especially the mitochondrial DNA, which is not protected
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by histones and is therefore more prone to oxidative damage and mutations
(Begriche et al., 2013). Mitochondrial DNA depletion due to mutations can
lead to impairment of proteins involved in the respiratory chain. Moreover,
MtDNA depletion triggers the expression of genes that synthesize serine,

which feeds the one-carbon (1C) metabolism.

The 1C-metabolism, also called folate metabolism or the folate cycle, has a
role in transferring one unit of carbon to 1C-dependent biosynthetic pathways,
including nucleotide synthesis and methylation reactions, and for amino acid
homeostasis (Bao et al., 2016). During organ development and in proliferative
tissues, folate metabolism has an anabolic role in generating mainly purines
and thymidine, and secondarily methionine, glycine, or serine. In the frame of
increased DNA synthesis during hepatocytes proliferation and neoplastic
transformation, the 1C metabolism is upregulated as well (Ducker and
Rabinowitz, 2017). The collapsing mitochondrial system at some point
manifests electron leakage due to alterations in the ETC complexes and
membrane potential (Awm), which follows mitochondrial permeability
transition (MPT) pore opening. The latter results in reduced production of
ATP, and promotes ER stress via the UPR (Simdes et al., 2018).

There is a strong interconnection between ER stress and mitochondrial
dysfunction. The ER requires ATP for protein folding while decreased ATP
exacerbates ER stress, since the system continues to accumulate unfolded
proteins in the ER lumen. Mitochondria are also highly influenced by ER
stress leading to the activation of the intrinsic pathway of mitochondria-
mediated apoptosis through JNK regulation and excessive calcium transport
to the mitochondria (Ashraf and Sheikh, 2015). JNK, in particular, plays a
central role in cell death: its activation can be a product of ER stress and
UPR, mediated by IRE-1a and ASK1. JNK can also be activated by SFAs,
such as palmitic acid, which promotes lipo-apoptosis. This is driven by
palmitic acid, and studies have shown that phosphorylated JNK directly
interacts with the outer mitochondrial protein SH3-domain binding protein 5
(SH3BP5/SAB). Subsequently, phosphorylated Sab inactivates the Proto-
oncogene tyrosine-protein kinase c-Src, a protein required for a proper ETC
function (Win et al., 2015).
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The resulting impaired electron transport leads to overproduction of ROS, like
superoxide and hydrogen peroxide, which sustain JNK activation (Win et al.,
2018). Continuous positive regulation of JNK generates activation of caspase
8 and subsequent BH3 interacting domain death agonist (BID) cleavage and
activation of BCL2 associated X protein (BAX) and BCL2-like 11 (BIM). These
steps promote outer membrane polarization and cytochrome c release, which
executes apoptosis via caspases (Win et al.,, 2018). The permeability
transition pores for cytochrome c release can also be formed due to calcium
release from SFA-induced ER stress. This impacts mitochondrial membranes

and deregulates ETC (Masarone et al., 2018).

Another direct source of ROS, the mitochondrial cytochrome P450 2E1
(CYP2E1), has been reported in in vivo NASH models and in NASH patients
(Masarone et al., 2018). CYP2El exerts a role in PUFAs metabolism,
generating w-hydroxylated fatty acids from linoleic acid and arachidonic acid.
The subsequent metabolism of w-hydroxylated fatty acids produces
dicarboxylic acids, which are known to be toxic at high concentrations (Aubert
et al., 2011).

Other factors that drive mitochondrial dysfunction during NAFLD/NASH are
GSH depletion and the impairment of the antioxidant defense. In particular,
the deregulated genes are mainly catalase (CAT), superoxide dismutase
(SOD), and glutathione superoxide transferases (GSTA/GSTM), thus allowing
ROS accumulation and mitochondria injury (Simbes et al., 2018). In the
transition from steatosis to steatohepatitis, free cholesterol, but not FFAS,
accumulates in mitochondria resulting firstly in sensitization to TNF-a and
Fas, and then in mitochondrial GSH depletion (Mari et al., 2006).

1.2.3.3 Oxidative stress and NASH

Per definition, oxidative stress (OxS) is the unbalanced overproduction of
ROS in which the redox homeostasis is lost. During this process, ROS modify
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proteins, lipids, and DNA, and the antioxidant and DNA repair mechanisms
fail to fix the damage. Under normal physiological conditions, ROS are the by-
products of mitochondrial energy metabolism, peroxisomes, ER protein
folding and fat metabolism of cytochrome P450. As an exogenous source,
ROS act in response to immune stimuli of inflammatory cytokines and against
bacterial infection (Zhang et al., 2016). Since the early phase of NAFLD
development, until cancer development, ROS interact with many pathways: 1)
NF-kB signaling pathway (targeting IkBa and NIK); 2) MAPKs signaling
pathway (targeting ERK, JNK, p38); 3) KEAP-NRF2-ARE signaling pathway
(dissociating NRF2/KEAP, thus activating NRF2); 4) PISK-AKT signaling
pathway (activating PI3K and inactivating PTEN promoting its degradation); 5)
ROS and Ca*" regulation (ROS produced by Ca?" targeting mitochondria for
increasing respiration and ROS influences Ca?* channels); 6) ROS and
mitochondria potential transition pore opening and apoptosis induction; 7)
ROS and blockage of ubiquitination/proteasome, with subsequent
mitochondrial dysfunction (Zhang et al., 2016). Apart from mitochondria, ER
and peroxisomes produce basal levels of ROS during physiological functions
(i.e. protein folding in the ER and B-oxidation in peroxisomes) and higher
levels during pathological conditions (Fransen et al., 2012; Yoboue et al.,
2018). During oxidative stress ROS attack lipids, proteins, and DNA (Bartsch
and Nair, 2006).

Under physiological conditions, fatty acid intermediates function as second
messengers for many processes, such as inflammation, survival, proliferation,
migration, adhesion, metabolism and stress response (Ayala et al., 2014). But
in the context of a prolonged oxidative stress, lipid peroxidation leads to
cytotoxic products, starting from the metabolism of w-3 PUFAs (e.g.
docosahexaenoic acid and eicosapentaenoic acid) and w-6 PUFAS (e.g.
arachidonic acid and a-linoleic acid). Lipids, including PUFAS, glycolipids, and
cholesterol, are particularly targeted on the site of their carbon-carbon double
bonds by hydroxyl radical (HO") and hydroperoxyl radical (HO;"). The HO; is
formed by the Fenton reaction, where free iron (Fe?") reacts with H,O»,
becoming ferric iron (Fe®*"). The hydroperoxyl radical (HO",)is an intermediate

between superoxide anion and hydrogen peroxide and is particularly reactive
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in initiating the oxidation chain of PUFAs. The lipid peroxidation process
consists of three steps: initiation, propagation and termination. In the first step,
the radical species abstracts the allylic hydrogen generating the carbon-
centered lipid radical (L"). During the propagation step the lipid radical (L") is
transformed interacting with oxygen to lipid peroxyl radical (LOQO"), which
subsequently extracts hydrogen from another lipid to create a new lipid radical
(L") plus a lipid hydroperoxide (LOOH). Antioxidants in the terminal phase can
donate hydrogen to the LOO" species and form a corresponding antioxidant

radical that becomes non-radical reacting with another LOO".

In NASH and in other chronic liver diseases, the impaired antioxidant
response to lipid peroxidation leads to the alternative molecule to the LOOH,
termed endoperoxide. Endoperoxide can break down, giving rise to
malondialdehyde (MDA) (Ayala et al., 2014). Other major products of lipid
peroxidation are 4-hydroxynonenal (4-HNE) and F,-isoprostane (Linhart et al.,
2015; Morrow et al., 1995; Pitacik et al.,, 2002). These compounds are
renowned markers of lipid peroxidation in oxidative stress conditions. MDA
and 4-HNE are very reactive towards DNA and induce its modification (Tuma,
2002). In addition, they are involved in processes such as ER stress,
senescence, apoptosis and compensatory proliferation (Ayala et al., 2014).
Protein carbonylation is an irreversible post-translational modification of
protein amino acids carried out by hydroxyl radicals (“primary protein
carbonylation”) or by aldehydes previously generated by lipid peroxidation
such as MDA and 4-HNE (“secondary”) (Fedorova et al., 2014). Recently it
was found that ROS-induced protein carbonylation can also result in change
of amino acids, as it occurs in the reaction Arginine/Proline oxidation —
glutamyl semialdehyde oxidation — Glutamic acid, leading not necessarily to
loss of function (Suzuki, 2019). The process of lipid peroxidation can also be
mediated enzymatically via lipoxygenase (LOX), cyclooxygenase (COX),
xanthine oxidase (XO) and cytochrome P-450 (CYP), in the presence of
molecular oxygen. In both cases, lipid peroxidation is facilitated by Fe2" ions
(Halliwell and Gutteridge, 1984). For example, XO produces superoxide ions,

leading to the generation of singlet oxygen, which undergoes subsequent
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reactions with unsaturated fatty acids to form fatty acid hydroperoxides
(Pedersen and Aust, 1973).

Several pre-clinical and clinical studies have demonstrated the importance of
the microsomal CYP2E1l in exacerbating oxidative stress and in the
development of NAFLD and NASH (Leung and Nieto 2013). CYP2E1 plays a
role in phase-l detoxification, generating free radicals (Kathirvel et al., 2010).
In NAFLD and NASH, CYP2E1 exerts an adaptive response to impaired (-
oxidation from peroxisomes and mitochondria, mediating w-hydroxylation of
fatty acids for the compensation of lipid overload. Patients with NASH also
display up-regulated levels of the enzyme (Sumida et al., 2013). CYP2E1 KO
mice are protected from high-fat diet-induced insulin resistance but are not
protected from lipid peroxidation, since compensatory mechanisms increased
expression levels of cytochrome 450 CYP4a. In mice overexpressing
CYP2EL, insulin resistance, oxidative stress and steatosis were increased
(Kathirvel et al., 2010). CYP2ELl is also involved in the oxidation of low-
density lipoprotein (LDL), forming oxidized-LDL, responsible for initiation and
sustenance of the pro-inflammatory environment in atherosclerosis (Aviram et
al., 1999).

Hepatic damage and steatosis can also be induced by hepatotoxic chemical
carbon tetrachloride (CCl,) (Dai et al., 2014; Van Herck et al., 2017). NAFLD
models on methionine-choline deficient diet (MCD) in combination with CCly,
displayed steatosis, mitochondrial dysfunction (ATP depleted), ER stress,
senescence (up-regulated p21), fibrosis (up-regulated transforming growth
factor beta (TGF-B)), increased p53, lipid peroxidation products, all resulting in
defective tissue repair and liver injury (Donthamsetty 2007; Lee 2011; Pan
2007). CCl4 metabolism by cytochrome P450 in the liver microsome produces
reactive intermediates, including trichloromethyl radical (CCls*) and its
derivative, trichloromethylperoxy radical (CCI;OQ0e¢) (Dai et al., 2014). CCl,
reacts with oxygen to form CCI3;00- and to initiate lipid peroxidation. In
addition, it binds covalently to lipids and proteins, leading to hepatocyte
damage (Boll et al., 2001). Moreover, lipid peroxidation products, such as F,-

isoprostane, stimulate collagen formation from the HSCs and subsequent
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fibrosis (Comporti et al., 2005). The levels of F,-isoprostane correlated with
NAFLD severity and fibrosis in patients (Konishi et al., 2006). Antioxidants
such as carotenoids (e.g. Vitamin E, Astaxanthin) and polyphenol catechins
(e.g. green tea extract) can inhibit lipid peroxidation and prevent CCls-induced
hepatic injury (Boll et al., 2001; Elgawish et al., 2015; Kang et al., 2001;
Pickett-Blakely et al., 2018).

Another consequence of oxidative stress is the execution of the programmed
form of necrosis, termed necroptosis (mediated by TNF-a) (Gautheron et al.,
2015; Shindo et al., 2013), and a novel form of cell death mediated by iron,
indicated as ferroptosis (Feng 2018; Yang 2016): these forms of cell death
further contribute to hepatic injury. In NASH, the accumulation of iron favors
Fenton chemistry and the initiation and propagation of lipid peroxidation (Feng
et al., 2018; Yang et al., 2016).

1.2.3.4 Chronic inflammation in NASH

Chronic inflammation is a result of the unresolved tissue damage due to the
deregulation of the immune system. From a molecular point of view, it is
mediated via extrinsic pathways (induced by PAMPs/DAMPs and TLR
activation) and by intrinsic pathways (induced by DNA damage, viral DNA
integration, oxidative stress) (Yu et al.,, 2018). Both extrinsic and intrinsic
pathways lead to the activation of NF-kB signaling and signal transducer and
activator of transcription 3 (STAT3) transcription factors, which stimulate the
production of pro-inflammatory chemokines and cytokines, prostaglandins and
ROS (Yu et al., 2018). In many cases, a NASH-affected liver shows fibrosis,
various forms of cell death (such as apoptosis and necroptosis) and
compensatory proliferation of hepatocytes (Akazawa and Nakao, 2018; Boege
et al., 2017; Luedde et al., 2014).

NASH is considered a risk factor for developing liver cancers such as
hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (iCCA)
(De Lorenzo, 2019; Seydel et al., 2016). Major immune cell contributors to
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chronic inflammation in NASH are the KCs (MHCII™, F4/80") that get activated
due to stimulation by PAMPS (e.g. LPS) and DAMPS (apoptotic hepatocytes,
lipids) (Miura et al., 2013; Tacke, 2017). KCs mainly get activated through
recognition of LPS or other bacterial antigens by TLRs (e.g. TRL4, TRL2,
TRL9) and by lipids through scavenger receptors (e.g.CD36). TLR activation
leads to the production of pro-inflammatory chemokines and cytokines (e.g.
CXCL1, CXCL2, IL-1a and monocyte chemoattractant protein-1 (MCP-1) that
recruits neutrophils and circulating monocytes to the liver. Chronic
inflammation is established due to the sustained survival of neutrophils by KC-
produced growth factors like granulocyte-macrophage colony-stimulating
factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF) and TNF-a
(Prame Kumar et al., 2018).

Moreover, neutrophils produce IL-6, which induces naive T helper cells to
differentiate into Th17 cells. Th17 amplifies the pro-inflammatory signals with
interleukin-17 (Gomes et al., 2016). High levels of IL-17 are also found in
NASH patients (Rau et al., 2016). During early events in NASH development,
KCs induce hepatic steatosis and liver injury by secretion of interleukin 1o (IL-
la), IL-6 and TNF-a, which promotes fatty acid uptake, reduces lipid export,
suppresses p-oxidation, and promotes hepatic apoptosis (Tacke, 2017;
Tosello-Trampont et al., 2012). Fundamental for the transition from NAFL to
NASH is the production of ROS by KCs and of pro-inflammatory cytokines
such as TNF-a, IL-6 and the chemokine CCL2, which recruits circulating
Ly6C" monocytes. These infiltrative Ly6C* monocytes, commonly deriving
from bone marrow progenitor cells (called bone-marrow monocyte-derived
macrophages-MoMFs), differentiate into pro-inflammatory macrophages: they
are able to activate HSCs which transdifferentiate in collagen-producing
myofibroblasts (secreting TGF-1 and PDGF) and at the same time they
recruit NK cells to the liver (Tacke, 2017).

Recently it was found that MoMFs, under conditions of hepatic injury or due to
massive KC depletion, can replenish the liver macrophage population by
differentiating into KCs (Guillot and Tacke, 2019). Pharmacological inhibition
of CCL2 or genetic deletion of CCR2/CCL2 could ameliorate liver fibrosis in
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pre-clinical models and in patients with NASH (Friedman et al., 2018; Krenkel
et al., 2018). We have recently shown that KCs are involved in the initiation as
well as in the late stages of NASH through hyaluronan-CD44 interaction with
platelets (Malehmir et al., 2019). The platelets also contribute to the
recruitment of neutrophils to the liver (Rossaint et al., 2018). KCs can take up
oxidized low-density lipoproteins (oxLDL) and oxidized lipids derived from
apoptotic hepatocytes (e.g. oxidized phosphatidylcholine, oxPC) via the class
B-scavenger receptor CD36 (lkura et al., 2005). CD36 upregulation is linked
to NF-kB-mediated inflammatory responses which follows pro-inflammatory
cytokines release (IL-1B, IL-6 and IL-8) and T cell proliferation (Chavez-
Sanchez et al., 2014). The regulation of CD36 is transcriptionally regulated by
pregnane X receptor (PXR), peroxisome proliferation-activated receptor
gamma (PPRYy) and by liver X receptor (LXR) (He et al., 2011).

Scavenger receptors for oxLDL are also expressed by hepatocytes (CD36),
HSCs (CD36 and lectin-like oxLDL receptor 1(LOX-1)) and LSECs (Houben et
al., 2017). The detrimental effects of oxLDL uptake rely on KC inflammasome
activation and on impaired autophagy. In the hepatocytes, CD36 activation
leads to inflammasome activation plus apoptosis. In HSCs the activation of
scavenger receptors results in the synthesis of extracellular matrix and
fibrosis, whereas in LSECSs, activation of NF-kB signaling, endothelial injury
and defenestration occurs (Houben et al., 2017).

Apart from macrophages, other immune cells are involved in chronic
inflammation of NASH pathogenesis, such as T cells, NKT, NK cells and
neutrophils. CD8" T and NKT cells (Wolf et al., 2014) have been shown to
play a role in exacerbating NASH in mouse models where depletion of these
cells ameliorates fibrosis and reduces the activation of KCs and infiltrating
macrophages. In particular, CD8" T cells are increased in livers of NASH-

affected patients (Bhattacharjee et al., 2017).
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1.2.4 Therapies against NASH

Current therapies and clinical trials for NASH (table 1) aim to target metabolic
dysfunction, oxidative stress, inflammation, apoptosis and fibrosis. The main
goal of NASH therapies is to ameliorate dyslipidemia, reduce inflammation
and apoptosis, but most of all they aim to reverse or prevent liver
fibrosis/cirrhosis. The presence of advanced fibrosis constitutes not only a
predictor of liver-related mortality in NAFLD/NASH patients but also a relevant
risk factor for developing HCC (Chalasani et al., 2018; White et al., 2012). A
novel, accurate, non-invasive method was recently developed to distinguish
advanced- from early-stage fibrosis: it measures the liver stiffness through

vibration-controlled transient elastography (VCTE) (Siddiqui et al., 2019).

The most recommended and adopted therapy for biopsy-proven NASH
patients so far is the combination of pioglitazone and vitamin E, but the long-
term efficacy or safety still need to be evaluated (Sumida and Yoneda, 2018;
Chalasani et al., 2018). Statins and PPARa/d agonists have been proven to
ameliorate steatosis by increasing fatty acid p-oxidation and reversing insulin
resistance, although they cannot improve hepatic injury, which phenotypically
by ballooning of hepatocytes (Ratziu et al., 2010). The phase-Il trial of the
inhibitor of the vascular adhesion protein-1 (VAP-1) (Bl 1467335) has been
proven to have anti-inflammatory and antifibrotic effects in NASH patients by
reducing oxidative stress (Weston et al., 2015). Based on the promising
effects of these antioxidant therapies, preclinical studies are directed now
towards a novel treatment using a synthetic recombinant form of the
antioxidant enzyme mitochondrial manganese (Mn) SOD (MnSOD-2), which
can reach the mitochondrial matrix and can effectively scavenge intra- and
extracellular superoxide ions. Preclinical tests in CCly-treated mice have
already shown reduced cirrhosis and portal hypertension in the liver (Borrelli
et al., 2018).
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Drug class

Compound

Target

Ref.

Anti-lipopolysaccharide antibody

IMM124E

LPS

NCT02316717

Antioxidants

Vitamin E, cysteamine,

oxidative stress

Sanyal et al., 2010;
Schwimmer et al.,
2016

Apoptosis signal regulating kinase
1/mitogen-activated protein kinase-
5 inhibitors

Selosertib/GS-4997

ASK1/MAP3KS5 (oxidative
stress)

Loomba et al., 2018

Emricasan/ IDN-

Barreyro et al., 2015;

1 inhibitors

Caspase inhibitors 6556, GS- caspases Shiffman et al., 2019;
9450/LB84451 Ratziu et al., 2012

CC-chemokine receptor 2/5 inhibito(|Cenicriviroc CCR2/CCR5 Friedman et al., 2018

Dipeptidyl peptidase-4 inhibitor Sitagliptin, Evogliptin |DDP-4 Cui et al., 2016

Farnesoid X receptor agonists Obeticolic acid Farnesoid X receptor Hegade et al., 2016

Glucagon-like peptide-1 analogue [Liraglutide GLP-1 mimic Armstrong et al., 2016

Mechanistic target of rapamycin |\ (o o600y mTOR NCT02784444

protein inhibitors

Peroxisome pr_ollferator-actlvator R95|g||tazone, PPARQ/S Ratziu et al., 2016

receptor agonists Pioglitazone

Semicarbazide-sensitive amine

oxidase/vascular adhesion protein- [PXS4728A SSAO/VAP1 NCT03166735

Statins

Rosuvastatin,
Atorvastatin,

HMG-CoA reductase

Kargiotis et al., 2015

Toll-like receptor 4 antagonists

Nalmafene/JKB-121

TLR4

NCT02442687

Table 1. NASH therapies and clinical trials (source: ClinicalTrials.gov).

1.3 Hepatocellular carcinoma (HCC)

1.3.2 HCC epidemiology and risk factors

Hepatocellular carcinoma is the most prevalent primary liver cancer and the

fourth leading cause of cancer-related death worldwide (Yang et al., 2019).

The highest HCC incidence rates are observed in Asia and Africa, followed by
Central Europe (O"Rourke et al., 2018) (fig.4).
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Figure 4. Worldwide incidence of primary liver cancer. Indicated are the incidences per
100,000 person-years. HCC accounts for 80—90% of primary liver cancer (adapted from Yang
et al., 2019).

The predominance of specific risk factors depends on the geographical area.
In Asia and Africa, hepatitis B virus (HBV) infection and exposure to the
hepatotoxic chemical aflatoxin B1 are common risk factors (McGlynn and
London, 2011). In industrialized countries, the highest risk factors are hepatitis
C virus (HCV) infection, alcohol consumption (leading to alcoholic liver
disease, ALD), obesity (Larsson and Wolk, 2007) and related diseases like
metabolic syndrome, diabetes, NAFLD and NASH (Afshin et al., 2017). Other
risks factors include hereditary metabolic diseases, such as genetic
hemochromatosis (defect in iron metabolism with associated hepatic iron
overload), Wilson's diseases (defect in copper metabolism with associated
copper deposition in the liver), al-antitrypsin deficiency (accumulation of
mutated a1-antitrypsin in hepatocytes). Finally, the presence of autoimmune
diseases such as autoimmune hepatitis (AIH) and primary biliary cholangitis
(PBC) is also a risk factor for HCC (Trivedi and Cullen, 2011).

HCC generally occurs on the background of long-lasting chronic disease,
characterized by a dysregulated immune system and fibrosis, which
eventually might progress to cirrhosis (Fattovich et al., 2004). Although

cirrhosis is present in the 70-80% of HCC cases, it is not a necessary
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precondition to getting cancer. There are conditions without cirrhosis
associated with HCC, such as metabolic pathologies (NAFLD,
hemochromatosis, a1-antitrypsin deficiency, Type 1 glycogen storage
disease, Type 1 hypercitrullinemia), chemical substances intoxication like
aflatoxin B1, some congenital conditions (Alagille syndrome), sex hormones
(anabolic steroids) or for vascular pathologies (e.g. Budd Chiari) (O"Rourke et
al., 2018). This suggests that it is rather the duration and severity of the
chronic inflammation and the unresolved hepatocyte damage with subsequent
genetic instability that ultimately determines the risk for HCC development
(Boege et al., 2017).

1.3.3 NASH-induced HCC

Non-resolving inflammation characterizes the development and progression of
HCC. NASH, being a chronic inflammatory disease, is now one of the major
risk factors for HCC development, together with HCV-induced hepatitis and
alcoholic steatohepatitis (ASH) (Singal and El-Serag, 2015) (fig.5). Three
major driver pathways have been identified in NASH-induced HCC: metabolic,
immunological (activated by lipid peroxidation, dysbiosis and cell death) and
genetic and epigenetic pathways (PNPLA3 and TM6SF2 genetic variations)
(Kutlu et al., 2018).
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Figure 5. Non-resolving inflammation and HCC progression (from Ringelhan et al., 2018).
Different etiologies (viral hepatitis, ASH and NASH) induce chronic liver disease,
characterized by cell-death and inflammation (necroinflammation), compensatory proliferation
and fibrosis, with subsequent neoplastic transformation and HCC formation. HCC

development is also favored from a missing tumor surveillance.

The metabolic pathways contributing to the transition from NASH to HCC
derive from the aberrant lipid metabolism that subsequently leads to hepatic
lipotoxicity, insulin resistance, ER stress and oxidative stress (Hirsova and
Gores, 2015). Insulin resistance is induced by lipotoxicity (Unger and Zhou,
2001), which impairs B cell function and increases the expression of insulin or
of insulin-like growth factor-1 receptor (IGF1R) in hepatocytes. This initiates a
signaling cascade that eventually activates PIK3K and MAPK pathways, via
mTOR and Wnt/3-catenin, respectively. This favors HCC development
through increased proliferation and inhibition of apoptosis (Chettouh et al.,
2015).

ER stress has been shown to be a major contributor to chronic liver damage
and subsequent HCC, both in HCV transgenic mice and in a NASH model
with upregulated folding and secretion capacity (urokinase plasminogen
activator (UPA) from the liver-specific major urinary protein (MUP) promoter).
In MuPA mice fed a high-fat diet, ER stress was established, together with the
accumulation of the autophagy adaptor protein p62 (Nakagawa et al., 2014).
The protein p62, encoded by SQSTM1 gene, mediates the transport of
polyubiquitinated proteins and organelles for autophagosomal-lysosomal
degradation. In NASH, autophagy is impaired, allowing the accumulation of
undegraded p62 (Tanaka et al., 2016).

Furthermore, p62 is a major component of Mallory-Denk bodies (MDB),
together with intracellular hyaline bodies and cytokeratin 8 and 18. The
presence of MDB is considered a hallmark of chronic liver disease and is
associated with HCC predisposition (Zatloukal et al., 2007). P62-containing
aggregates have been found in 50% of HCC specimens (Denk et al., 2006). A
study investigating HCC in vivo has showed that the liver-specific p62 ablation
could prevent HCC development (Umemura et al., 2016). Moreover, a genetic

association between p62 and NASH-induced HCC has been identified (Pelusi
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et al.,, 2019). Studies have proposed that p62 acts via NF-kB signaling or
oxidative stress (Mathew et al., 2009). ER stress and oxidative stress are also
intimately connected for the activation of immune pathways, through the
execution of apoptosis following stimulation of IKKB-(inhibitor of kappa light
polypeptide gene enhancer in B-cells, kinase beta) dependent NF-xB
signaling that results in hepatocyte survival and inflammatory response, thus

promoting carcinogenesis (Pikarsky et al., 2004).

Furthermore, extracellular FFAs themselves can trigger IKK[3, engaging TRL4
on hepatocytes (Jia et al., 2014). ROS and products of oxidative stress, such
as peroxidized lipids, increase the release of pro-inflammatory cytokines like
TNF-a and IL-6 (Park et al., 2010). IL-6 has been reported to activate STAT3
(signal transducer and activator of transcription 3), a key transcription factor
for T-cells independent NASH-HCC transition (Grohmann et al., 2018), for the
transformation of tumor progenitor cells to HCC (He et al., 2013) and for HCC
progression and metastasis (Li et al., 2006).

During NASH pathogenesis, the innate immune system, including KCs, is
stimulated via TLRs by molecules released from gut microbiota. This includes
PAMPS (such as LPS, peptidoglycans, unmethylated GpG motifs) (Miura et
al., 2016) and DAMPS (apoptotic/necroptotic hepatocytes mediators as
HMGB1, heat shock proteins, ATP) (Krysko et al., 2012; Kutlu et al., 2018).
HCC development is also favored by gut microbial metabolites that activate

the hepatic senescence secretome (Yoshimoto et al., 2013).

Liver fibrosis is regarded as risk factor for developing HCC (Llovet et al.,
2016). The majority of HCC cases present on a background of cirrhosis (El-
Serag and Rudolph, 2007). The development of fibrosis occurs when
hepatocytes are repeatedly injured, thus leading to increased ROS and lipid
peroxide production and secretion of pro-inflammatory and pro-fibrotic
cytokines (e.g.TNF-a), platelet growth factor (PDGF), transforming growth
factor B 1 (TGF-B1)) (Sircana et al., 2019). Quiescent HSCs get activated by
cytokine stimulus by hepatocytes and by KCs, which respond by secreting
collagen. In addition, TGF-B1 plays a crucial role in cancer progression since

it promotes apoptosis resistance and cell proliferation in early stages of
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hepatocarcinogenesis. TGF-1 has been proposed as serological early
detection marker for HCC (He and Liu, 2016). Moreover, high levels of TGF-
B1 were associated with decreased survival in unresectable HCC cases
(Chen et al., 2019).

The exact role of the adaptive immune system in the development of NASH-
induced HCC still remains to be fully elucidated. Studies indicate the
involvement of NKT and CD8" T cells in NASH pathogenesis and subsequent
HCC via LTBR and canonical NF-kB signaling (Haas et al., 2019; Wolf et al.,
2014). In addition, human liver sections from patients with NASH showed
increased CD8" T-cells (Bhattacharjee et al., 2017). Another study has shown
CD4" T cells are protective for HCC development: conceptually CD4" T cells,
under PUFAs treatment, undergo mitochondrial-derived ROS accumulation
which results in their depletion (Ma et al., 2016).

Important cells of the innate immune system promoting and sustaining HCC
are the tumor-associated macrophages (TAMs), mainly derived from
circulating monocytes (Capece et al., 2013). They are recruited to the liver by
chemokine (C-C maotif) ligand 2 (CCL2), macrophage colony-stimulating factor
(M-CSF), VEGF and TGF-B1, and they primarily polarized towards the M2
phenotype, a macrophage subtype responsible for tissue remodeling and
tumor progression. TAMs produce pro-inflammatory cytokines and growth
factors that sustain tumor growth, such as IL-6 and TGF-B1. During the stage
of invasion and metastasis, TAMs produce the cytokines TNF-a, osteopontin
(OPN), metalloproteases (MMPs), and IL-6 (Capece et al., 2013). At early
stages of hepatocarcinogenesis, IL-6 is mainly produced by KCs or
macrophages (Maeda et al., 2005), upon stimulation of TLR-4 (by LPS), TNF-
a, or IL-1 (Kishimoto, 2010). The binding of IL-6 to the IL-6 receptor (IL-6R)
(or to the soluble receptor (sIL-6R)) leads to formation of a complex with the
associated receptor glycoprotein 130 (gpl30), that subsequently triggers
intracellular signaling pathways such as MAPK, PI3K and STAT1/STATS3
pathway (Schaper et al., 2015). IL-6 is involved in acute phase response and
infection defense, hepatic metabolism and regeneration, but a prolonged

activation of IL-6 signaling eventually leads to the formation of HCC.
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Many studies have demonstrated that DEN or CCl, treatment after metabolic
activation of CYP2E1 generate metabolites that promote DNA adducts and
stimulate secretion of IL-6 by KCs. Injured hepatocytes, stimulated by IL-6,
undergo a process of compensatory proliferation and accumulate DNA
mutations over time (Maeda et al., 2005). This process favors the
transformation of hepatocytes in pre-neoplastic lesions, also called foci of
altered hepatocytes (FAH). It was shown that pre-neoplastic lesions contain
HCC progenitor cells (HcPCs), which have acquired an autocrine IL-6
secretion to sustain their expansion for HCC development in a pro-
inflammatory environment (He et al., 2013). In the transition from NASH to
HCC, the amount of Ly6C" macrophages also increase, augmenting the
levels of IL-6 and TNF-a in response to LPS via TLR4 (Miura et al., 2016).
Similarly, in NAFLD-associated HCC human specimens, mRNA expression
levels of TLR4 in macrophages are increased (Nguyen et al., 2018).
Moreover, high serum levels of IL-6 are correlated to HCC predisposition and
are present in 40% of HCC cases (Soresi et al., 2006).

Genetics can also be an important predisposing factor to develop NASH and
HCC. It has been reported in several human NASH and HCC studies the
presence of variants of the genes PNPLA2, TM6SF2, APOB and TERT
(Taliento et al., 2019). In NAFLD/NASH patients exists an association
between fibrosis and a variant for TM6SF2 (Liu et al., 2014). A polymorphism
of TM6SF2 gene (rs58542926) is associated with HCC occurrence in alcohol-
related cirrhosis (Yang et al., 2018). The PNPLA3 variant is instead linked to
more severe NAFLD (Sookoian and Pirola, 2011). Those two variants are also
linked to HCC development, in the context or not, of NASH and ALD. It has
been identified that the PNPLA3 variant can lead to HCC in non-fibrotic livers,

thus suggesting a direct role of PNPLA3 in carcinogenesis (Yang et al., 2019).

1.3.4 Oxidative stress and HCC

Ninety percent of HCC cases are a result of chronic inflammatory diseases
(Fu and Chung, 2018), whereas 10% are attributable to genetic diseases such

as hereditary hemochromatosis (HH) (Ye et al., 2016) and a-1 anti-trypsin
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deficiency (Topic et al., 2012). Chronic inflammatory liver diseases are
characterized by the generation of oxidative stress that leads to sustained
activation of the immune system and DNA damage, mediated by ROS
themselves and resulting products like peroxidized lipids and modified
proteins. It has been demonstrated that not only in NASH (Font-Burgada et
al., 2016), but also in the context of HCC, oxidative stress plays a crucial role
(Cardin et al., 2014). Liver cancer patients displayed much higher levels of
oxidative damage in respect to controls and to chronic inflammatory diseases
(table 2).

Tissue 8-OHdG (IHC): 8.605 staining intensity compared to 4.845 in nonalcoholic steatohepatitis controls (p = 0.003)

DNA adducts Tissue 8-OHAG (HPLC): 52 fmol/ug DNA compared to 129 fmol/ug in adjacent normal tissues (p = 0.003)

Plasma MDA (TBARS): 1.01 + 0.28 ymol/L compared to 0.97 + 0.88 umol/L in corresponding post-resection samples (p < 0.05)

Tissue MDA (TBARS): 0.46 + 0.50 pmol/g protein compared to 0.85 + 0.42 ymol/g in adjacent normal tissues (p < 0.05)

Cipid Tissue MDA (TBARS): 0.49 nmol/mg protein compared to 0.71 nmol/mg in adjacent normal tissues (p = 0.001)

eroxidation
P Plasma MDA (HPLC): 3.26 + 0.46 nmol/mL (stage I/Il) and 5.83 + 0.68 nmol/mL (stage I11/1V) compared to 1.10 + 0.23 in controls (p < 0.05)

products
Plasma oxidized-LDL (ELISA): 37.64 + 8.00 U/L compared to 33.72 + 8.71 U/L in corresponding post-resection samples (p < 0.05)

Urine 8-iso-PGF2a (LC-MS): 0.92 pmol/mg creatinine compared to 0.8 pmol/mg in controls (p < 0.001)

Protein
carbonylation |Plasma PC content (DNPH): 0.3 nmol/mg protein compared to 0.2 nmol/mg in controls (p = 0.0083)
(PC) products

Table 2. Direct and indirect clinical oxidative stress markers for liver cancer patients
(modified from Kateriji et al., 2019).

Oxidative stress also plays a role in the pathogenesis of genetic diseases that
cause HCC (Houglum et al., 1997; Marcus et al., 2012). For example, in HH,
the liver undergoes iron accumulation that increases ROS production and
OxS through the iron-dependent Fenton reaction (Ko et al., 2007). There is
also an increased primary liver cancer risk associated with high levels of
serum ferritin and ferrous ions in the general population, as evaluated by
meta-analysis (Tran et al., 2019). High levels of 4-HNE and MDA were found
in a mouse model of chronic iron feeding (Moroishi et al., 2011). Furthermore,
the endogenous antioxidant system was impaired, displaying depleted,
reduced glutathione and decreased activity of SOD (Houglum et al., 1990).
Muto and collaborators (2019) used an engineered mouse model was used
with ablated iron-sensing ubiquitin ligase FBXL5 in combination with chemical
or viral carcinogen treatments to show a link between iron overload and HCC.
Iron homeostasis promoted OxS, followed by lipid peroxidation of cellular

membranes and DNA damage, eventually leading to HCC (Muto et al., 2019).
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Lipid peroxidation results in HNE adducts that can cause mutations in p53,
which are reported to be prevalent in approximately 50% of HCC cases (Hu et
al., 2002). The iron overload and mutations in p53 were also found in non-
tumorous tissues (Hussain et al., 2000). HNE mainly forms HNE-dG adducts
which lead to unrepaired single-strand breaks and increases liver cancer
incidence (Huang et al.,, 2010; Winczura et al., 2014). Evidence of lipid
peroxidation linked to carcinogenesis is found in propano DNA adducts (y-
OHPdG), which are mutagenic and promote DEN-induced HCC (Fu et al.,
2018) and NASH-induced HCC (Coia et al., 2018b). Furthermore, y-OHPdG
adducts are frequently detected in human HCC specimens and are prognostic
biomarkers predicting survival and HCC recurrence (Coia et al., 2018a; Fu et
al., 2018). ROS can directly lead to the formation of pro-mutagenic DNA
adducts. 8-o0xo0-7,8-dihydro-2"-deoxyguanosine (8-oxo-dG) is a common DNA
mutation that is used as marker for OxS and as a putative predictor of
carcinogenesis. 8-ox0-dG adducts are more prevalent in NASH-induced HCC
patients compared to patients with NASH only (Tanaka et al., 2013).

The serum quantification of reactive oxygen metabolites, such as hydrogen
peroxide, can be indicative of the risk of HCC recurrence after surgical
resection or after treatment with radiofrequency ablation (RFA) (Suzuki et al.,
2013). DNA modifications by ROS play a significant role in the transformation
from normal to malignant cells. During chronic inflammation, oxidative stress
leads to the activation of the NF-kB pathway, iINOS, and cyclooxygenase-2
that produces further ROS/RNS which, in addition to modifying DNA bases,
can lead to DNA single-strand breakage, as is the case for peroxynitrite anion
(ONOQO"), produced by the combination of NO with oxygen species, that
highly reacts with DNA (Bartsch and Nair, 2006). ROS/RNS can also induce
point mutations, aberrant DNA cross-linking, and mutations in proto-
oncogenes and tumor-suppressor genes, all favoring neoplastic

transformation (Hussain et al., 2003).

Mitochondria are one of the first targets of OxS due to the proximity of ROS
derived from oxidative phosphorylation. Mitochondrial DNA (mtDNA), protein
and membrane lipids (e.g. cardiolipin) are affected by ROS modification, thus

leading to cell death. Tetralinoleicardiolipin (L4CL), the major form of
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cardiolipin, contains four linoleic acid chains that are easily oxidized during
oxidative stress (Zhong et al., 2017). The oxidation of L4CL produces 4-HNE
that attaches to mtDNA and also forms adducts with mitochondrial proteins, of
which the majority belong to the ETC, which eventually results in depleted
ATP and apoptosis (Zhong et al., 2017). The lipid hydroperoxide of L4CL,
which remains on the membrane, favors the permeabilization and mobilization
of cytochrome c through BAX and BID that induce apoptosis (Hauck and
Bernlohr, 2016).

Cell death induces a subsequent compensatory proliferation of hepatocytes
(Kamata et al., 2005). In particular, OxS promotes hepatic injury, cell death
and inflammation via the activation of pathways like mitogen-activated protein
(MAP) kinase/AP-1, NF-kB and hypoxia-inducible transcription factor 1 alpha
(HIF-1a) (Klauning et al, 2010). Additionally, nitrosative stress
(overproduction of reactive nitrogen species for upregulation of the enzyme
INOS) is known to be involved in cancer promotion by activation of AP-1,
which regulates proliferation (Reuter et al., 2010). Recently, it was shown that
the hepatic oxidative environment causes an oxidation and inactivation of T
cell tyrosine phosphatase (TCTPT), thereby increasing STAT1 and STAT3
signalling, subsequently leading to the development of NASH and fibrosis or
HCC (Grohmann et al., 2018). The link between OxS and inflammation is
exemplified by OxS-driven activation of NF-kB and the JNK/IKK/p38 MAPK
signalling pathways (Li et al., 2016). Just recently, p38 MAPK was identified
as an essential factor for cell cycle progression and liver cancer development
(Tomas-Loba et al., 2019).

Although it is evident that OxS plays an important role in chronic inflammation
and cancer, further studies are required to determine whether antioxidant
therapies might be effective for HCC management (Takaki and Yamamoto,
2015). Several mouse models of NASH-induced HCC have been studied in
order to unravel the mechanisms behind this transition (Anstee et al., 2019).
A mouse models fed a long-term (12 months) choline-deficient high fat diet,
following the choline deficiency as reported in NASH patients (Corbin and
Zeisel, 2012), could recapitulate the human NASH-induced HCC (Wolf et al.,
2014). Another model for diet-induced HCC instead combined CCl,-treated
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liver in combination with Western Diet (fat plus sucrose) and cholesterol
(Tsuschida et al., 2018), which could establish 100% cases HCC in 5 months.
A further model established in mice ER stress (MUP-uPA mice,
overexpressing urokinase plasminogen activator (uPA) specifically in
hepatocytes) in combination with high-fat diet, showing hallmarks of NASH
and displayed NASH-induced HCC with an incidence of 50% at 10 months of
diet (Nakagawa et al., 2014). Some other models employed carcinogenic as
diethylnitrosamine (DEN) or overexpressed oncogenes (e.g. Proto-Oncogene
C-Myc, Unconventional Prefoldin RPB5 Interactor (URI)) in combination with
high fat diet to have faster and more aggressive tumors. Overall, all these
models displayed oxidative stress, chronic inflammation and fibrosis (Anstee
et al., 2019).

1.3.5 HCC therapies

First-line treatment for early diagnosed and localized HCC is surgical
resection and liver transplantation. The vast majority of HCC cases
unfortunately are diagnosed in advanced stages, when liver is already
compromised, including NASH-associated HCC. This severe condition does
not allow high dosages of chemotherapy or ionizing radiation treatment.
Therefore, the only possible therapeutic treatment is carried out with the pan-
kinase (VEGFR-2/3, PDGFR, and Raf) inhibitor Sorafenib, for which indication
is limited due to its hepatotoxicity. In addition, this treatment does not have an
impact on the 5-year survival rate, which is less than 8% for the very
advanced stage (stage-4) (Altekruse et al., 2012). In NASH-affected patients,
HCC represents the leading cause of cancer-related death (47%), which is
typically diagnosed at advanced stages and which is associated with 5-year
overall survival rate of 44.8% (Povsic et al., 2019).

In clinical trials, combined therapies with sorafenib have been shown to be
associated with improved prognosis, as for the concomitant treatment with
sorafenib and transcatheter chemoembolization (TACE) (Kudo, 2019), or

sorafenib with zoledronic acid and clodronate-encapsulated liposomes, which
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deplete macrophages (Zhang et al., 2010). Other therapies aim to target TGF-
B and EGFR/VEGFR signaling in order to limit tumor growth and
extravasation (Fransvea et al., 2010). A comprehensive molecular and
immunological characterization has identified three major HCC subtypes: 1)
proliferative and stem cell-like tumors displaying chromosomal instability; 2)
tumors with B-catenin (CTNNB1/Wnt signaling) mutations with associated
immune suppression; 3) metabolic disease-related tumors, further divided into
immunogenic and non-immunogenic subclasses. This classification is
particularly meaningful, because it does not depend on the origin of the tumor
(primary or metastatic) defined by genomic and epigenomic distinction, but it
is based on overall phenotypic similarities. Furthermore, this classification has
the potential to be useful in the stratification of patients for immunotherapy
(Shimada et al., 2019).

In another study it was shown that the steatohepatitis-induced HCC subtype
displays frequent activation of IL-6/JAK/STAT3 (Calderaro et al., 2017). A
comprehensive characterization based on integrative analysis allowed the
identification of a p53 target gene expression signature correlated with poor
survival. Furthermore, this study correlated with impaired survival also other
frequently mutated genes which can be targetable such as MDM4, MET,
VEGFA, MCL1, IDH1, TERT, impacting WNT signaling as well. This study
moreover suggested that APOB may be one of the responsible genes
involved in metabolic reprogramming from normal hepatocytes to malignant
HCC cells (wheeler@bcm.edu and Network, 2017).

In current clinical studies the efficacy of immunotherapy in HCC treatment is
investigated (Kudo, 2019). The three main classes of immune-therapy based
approaches include checkpoint inhibitors (anti-PLD1, anti-CTLA4); adoptive
cell transfer (chimeric antigen receptor (CAR) T cells, cytokine-induced killer
(CIK) or NTK cells) and vaccination for the stimulation of peptide-specific

cytotoxic T lymphocytes activity (CTLs) (Nobouka et al., 2013).
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1.4 Endogenous defense and antioxidant compounds against oxidative

stress

1.4.2 Nuclear erythroid 2-related factor 2 (NRF2) mediated antioxidant

response

Nuclear erythroid 2-related factor 2 (NRF2) is the key regulator of ROS
sensing and cytoprotection that mediates the activation of the antioxidant
response when the levels of ROS exceed thus becoming toxic to the cell. Bad
nutritional habits, alcohol consumption and exposure to hepatotoxic chemicals
(e.g. Aflatoxin) lead to oxidative stress in the body that induces the release of
the transcription factor NRF2 from its associated protein Kelch-like ECH
associated protein 1 (KEAP1). Under basal conditions, KEAP1 facilitates the
ubiquitination and proteasomal breakdown of NRF2, while in response to
oxidative stress NRF2 dissociates from KEAP1, enabling NRF2 to translocate
to the nucleus. In the nucleus NRF2 binds ARE sequences, allowing the
transcriptional expression of proteins belonging to the categories of
detoxification, antioxidant enzymes, NADPH regeneration and lipid
metabolism (Hayes and Dinkova-Kostova, 2014).

In NASH, the major detoxification enzymes involved are NAD(P)H:quinone
oxidoreductase (NQO1) and the family of glutathione-S-transferases (GST)
(Itoh et al., 1997). In particular NQO1 contributes to cytoprotection against
OxS by directly scavenging superoxides by the induction of endogenous
antioxidant enzymes (e.g. SOD and CAT) and by the reduction of ubiquinone
and vitamin E quinone to their antioxidant forms (Ross and Siegel, 2017).
NRF2 also influences lipid metabolism by regulating the expression of lipases
(lipase member H (LIPH), phospholipase A2 (PLA2G7), patatin-like
phospholipase domain containing 2 (PNPLA2)) and of enzymes involved in (3-
oxidation (acetyl-CoA thioesterase (ACOT), acetyl-CoA oxidase (ACOX),
carboxylesterase (CES), stearoyl-CoA desaturase-2 (SCD2)) (Hayes and
Dinkova-Kostova 2014) (fig.6).
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Figure 6. NRF2 and the expression of antioxidant genes. NRF2 translocates to the
nucleus binding ARE for the expression of genes involved in xenobiotics detoxification,
activity of antioxidant enzymes, NAPH regeneration and lipid catabolism. The latter category

includes genes expressing lipases and enzymes involved in B-oxidation.

NRF2 can counteract hepatic fat accumulation by inhibiting lipogenesis,
mediated by the repression of the lipogenic transcription factor liver X
receptor-a (LXRa) (Kay et al., 2011). Moreover, NRF2 has shown preventive
effects in inflammation via NF-kB down-regulation (Wakabayashi et al., 2010)
in addition to fibrosis by inhibiting TGF-§ signaling in HSCs (Oh et al., 2012;
Shimozono et al., 2013). Surprisingly in NASH the expression and activation
of NRF2 has been showed to be downregulated (Gupte et al., 2013).

1.4.3 Antioxidants

The function of antioxidant compounds relies on the inhibition of free radical
(ROS or NOS) generation and propagation via three main mechanisms: 1)
guenching peroxide anions, thereby preventing formation of peroxides, 2)
scavenging species that initiate peroxidation (i.e. ROS/NOS), and 3) chelating
metal ions (e.g. Fe2") thus preventing reactive species generation or

breakage of lipid peroxides (Brewer, 2011). Antioxidants donate hydrogen to
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the free radicals formed during oxidation becoming radicals themselves.
Aromatic or phenolic rings of the antioxidants delocalize and so stabilize by

resonance the electrons transferred from the free radicals (LU et al., 2010).

1.4.3.1 Butylated hydroxyanisole (BHA)

Butylated hydroxyanisole (BHA) is a synthetic antioxidant agent belonging to
the phenol family. It is widely used for the preservation of food,
pharmaceutical products and petrochemicals (Chen and Shaw, 1974). For
human consumption BHA is generally recognized as safe by the U.S. FDA
(USFDA, 1984, US Food and Drug Administration Food and Drugs. US
Codefed. Regul., Title 21, Part 182.3169(1984), p. 380), considering that the
amount should not exceed the 0.02% wet weight (w/w) of the total fat or oil
content of the food. As an animal food additive, the maximum concentration
allowed is 150 mg/kg of feed (EFSA, 2018). Although considered a safe
compound, experiments adopting high dosages of BHA have shown
metabolic toxicity mainly driven by augmented ROS production (De Oliveira-
Pateis et al., 2018).

In vivo studies have shown that BHA in association with carcinogens can
enhance tumor development (Fukushima et al., 1987). The compound is
commercialized as a mixture of 2 isomers, where the form 3-tert-butyl-4-
hydroxyanisol (3-BHA) is widely used respect to the other form 2-tert-butyl-4-
hydroxyanisol (2-BHA). The phenolic ring confers to the BHA an effective
ROS scavenger activity and the capacity to enter in the mitochondria, an
organelle known to be the highest source of ROS.

BHA is known to be protective against oxidative stress and carcinogenesis
(Hirose et al., 1999). It is known to regulate the expression of the ROS sensor
NRF2, thus leading to the upregulated expression of target genes such as
NQO1 and GST, involved in the detoxification of toxic compounds as well as
ROS (Itoh et al., 1997). The induction of NRF2 activation is believed to be due
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to the oxidized form of BHA, the tert-butyl-1,4-benzoquinone (Hayes et al.,
2000; Wang et al., 2010).

It has been shown that BHA can interfere with the synthesis of prostaglandin
and reduce inflammation (Levine, 1983), In combination with its analogue,
2,6-di-tert-butyl-4- methylphenol (BHT), BHA strongly reduces inflammation
by blocking COX-2 activity and TNF-a production upon LPS challenge
(Murakami et al., 2015). In a study performed on rats receiving an oil-based
fat diet at 50 mg/(kg.day), BHA abolished or majorly decrease fatty acid liver
infiltration (Abu-el-zahab et al.,, 1993). When combined with a renal and
hepatotoxic carcinogenic agent called ferric nitrilotriacetate, BHA diminished
liver damage, lipid peroxidation, hydrogen peroxide production and increased
antioxidant enzymes (Ansar and Igbal, 2015). Similar effects were shown in a
study using the lipophilic hepatotoxin CCl,, in which BHA could block lipid
peroxidation, reflected by reduced MDA levels. In addition, the activity of anti-
oxidant genes (SOD, CAT, GPX and glutathione) was restored (Dassarma et
al., 2018). Fatty acids, in particular saturated fatty acids, are also able to
induce liver injury. BHA can reduce hepatic fatty acid accumulation,
counteract diet-induced mitochondrial dysfunction and impede apoptotic cell
death via JNK inhibition even more efficiently than the pan-caspase anti-
apoptotic inhibitor zZVAD (Win et al., 2015).

1.4.3.2 Astaxanthin (AXT)

Astaxanthin (3,3'-dihydroxy-B, B-carotene-4,4'dione) (AXT) is a xanthophyll
carotenoid, mainly found in the microalgae Haematococcus pluvialis
(H.pluvialis). Its structure confers powerful anti-oxidant properties, thanks to
the two terminal rings of cyclohexene with two oxo-groups joined by a long

polyene chain of thirteen double bonds (fig.7).
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Figure 7. Astaxanthin membrane localization. The chemical structure of AXT allows the
compound to intercalate between the phospholipidic by-layer of the cell membrane. This
confers advantages respect to other antioxidants, since the ROS-scavenging activity is

exerted both externally and internally to the cell.

AXT scavenges singlet oxygen a hundred times more effectively than vitamin
E and five times more than B-carotene (Nishida 2007). This is due to the
structure that gives polarity to the molecule that interpolates between the two
phospholipidic cellular membranes. The free radicals are quenched either in
the cell membrane due to the polyene chain, either at the surface and
intracellularly due to the terminal rings (Goto et al., 2001; Yuan et al., 2011).
The extract of Haematococcus pluvialis was approved by the Food and Drug
Administration (FDA) as a safe food supplementation (EFSA, 2014; Spiller
and Dewell, 2003).

AXT is a liposoluble compound and the degree of its absorption depends on
the amount of ingested dietary lipids. As dietary fats, AXT is assimilated with
lipoproteins and can be secreted into the circulation. Liver is the organ that
predominantly accumulates the compound (Showalter et al., 2004). Clinical
reports have demonstrated the efficacy of AXT in promoting redox balance

(Park et al., 2010), which ameliorates the inflammatory status in obesity (Choi
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et al., 2011a; Choi et al.,, 2011b) and cardiovascular diseases (Visioli and
Artaria, 2017; Yoshida et al., 2010). Beneficial effects have also been shown

for skin aging (Kim and Kim, 2018).

In numerous murine models for hepatocellular damage driven by chemicals
(e.g. carbon tetrachloride, CCls), ischemic reperfusion injury (Li et al., 2017)
and dietary-induced NAFLD and NASH (Romestaing 2007; Ni 2015; Ni 2016),
treatments with AXT ameliorated the pathological conditions, mainly indirectly
influencing the levels of ROS. AXT has proven its efficacy also against
nitrosative stress (Bi et al., 2017). Although its direct antioxidant effect in
scavenging ROS is proven in cell lines (Kim and Kim, 2018; Nishino et al.,
2016), in the liver AXT counteracts OxS by inhibiting the levels of lipid
peroxidation (Kang et al., 2001; Karppi et al., 2007) and by increasing the
activity of endogenous cellular antioxidant enzyme such as SOD and CAT
(Kim and Kim, 2018). The lipophilic property of the molecule favors
accumulation in the mitochondria (Takahashi et al., 2004), where it
intercalates in the inner mitochondrial membrane and helps maintain energy
metabolism via increased activity of SOD and CAT (Wan et al., 2019). In this
way, AXT is able to repress the loss of mitochondrial membrane potential
induced by overproduction of ROS, thus preventing the opening of the
mitochondrial permeability transition pores and subsequent activation of pro-
apoptotic caspases mediated by cytochrome C release (Baburina et al., 2019;
Chen and Kotani, 2016; Kim and Kim, 2018). Furthermore, the restoration of
the electron transport chain promotes the increase of fatty acid 3-oxidation,
ameliorating hepatic lipid accumulation (Ikeuchi et al., 2007; Wolf et al., 2010).
The antioxidative effect of AXT can also be promoted by increased expression
of Nrf2 and its antioxidant-related genes (Yang et al., 2014).

1.4.3.2.1 Effects of astaxanthin in NASH

AXT exerts its beneficial role on NASH acting not only on reducing oxidative
stress and their harmful products, but also by affecting inflammation

response. AXT can raise the endogenous activity levels of cellular antioxidant
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enzymes (e.g. SOD and CAT) and induce up-regulation of NRF2, which in
NASH models and NASH patients is usually down-regulated (Chen and
Kotani, 2016). It counteracts steatosis by induction of proliferator-activated
receptor (PPAR) alpha, thus promoting the catabolism of fatty acids via
carbohydrate responsive element binding protein (CPT1) upregulation and by
blocking PPAR gamma and protein kinase B (AKT) involved in hepatic
lipogenesis (Jia 2016). Ni and colleagues have shown that, in addition to de
novo lipogenesis, AXT also blocks insulin resistance and, most importantly,

diminishes lipid peroxidation (Ni et al., 2015).

Lipid peroxidation is considered pivotal in NASH when taking into account
oxidative stress and the risk of cancer development due to the toxic by-
products of lipids. In a mouse NASH model, Astaxanthin prevented lipid
peroxidation, which was shown by reduced levels of MDA (Ni et al., 2016;
Karppi et al., 2007). Another important favorable effect of AXT is its effects on
mitochondria, where it is able to prevent the loss of membrane mitochondrial
potential. AXT maintains mitochondria in a reduced state and increases
oxygen consumption, something known to be impaired in NASH, where the
overproduction of ROS leads to the leakage of protons and to a chronic ATP
depletion (Serviddio et al.,, 2008; Wolf et al., 2010). Moreover, AXT, by
preventing the release from mitochondria to the cytosol of the cytochrome c,
attenuates the pro-apoptotic signaling (Paradies et al., 2014). AXT also
counteracts lipid peroxidation of the mitochondrial lipid membrane, cardiolipin
(Mano et al., 2018). Cardiolipin is a specific inner mitochondrial membrane
phospholipid, very susceptible to oxidative damage. Oxidized cardiolipin alters
the inner membrane fluidity, subsequently leading to destabilization and loss
of the ETC complex, eventually inducing MPT pore opening (Li et al., 2010).

Since oxidative stress and lipid peroxidation promote activation of
inflammatory signaling, treatment with AXT in NASH-affected mice was
shown to block hepatic NF-xB, IL-6, IL-18 and to restore the inflammatory
environment by switching the activation from pro-inflammatory macrophages
M1 towards the anti-inflammatory type M2 (Ni et al., 2015). In addition, AXT
interferes with the activation of HSCs by down-regulation of transforming
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growth factor beta (TGF-B) (Ni et al., 2015, Kim et al., 2017). In subjects with
mild hyperlipidemia and BMI 23-25 kg/m?, AXT decreased TGs and increased
HDL-cholesterol and adiponectin (Yoshida et al., 2010).

Studies on obese patients treated with AXT for three weeks reported reduced
levels of lipid peroxidation evaluated by malondialdehyde and isoprostane and
augmented activity of superoxide dismutase (Choi et al.,, 201la). AXT
treatment for 12 weeks demonstrated, in addition, decreased LDL cholesterol
levels and APOB protein translation (Choi et al., 2011b). Currently, a clinical
trial is recruiting for the evaluation of AXT in overweight/obese and insulin-
resistant subjects (NCT03310359).

1.4.3.2.2 Astaxanthin and anti-cancer effects

Preclinical studies have demonstrated that AXT exerts anti-tumor effects in
different cancer models, including oral cancer, bladder cancer, leukemia,
colon cancer, lung cancer, breast cancer and hepatocellular carcinoma
(Zhang and Wang, 2015). A wide range of evidence supports the link between
chronic inflammation and cancer development (Balkwill and Mantovani, 2001).
Astaxanthin has been shown to be anti-inflammatory in the leukemia cells line
U937 (Franceschelli et al., 2014) and in a mouse model of colitis-induced
colon cancer (Yasui et al., 2011), by inhibiting ROS-induced activation of NF-
kB and therefore the production of pro-inflammatory cytokines such as TNF-
a, IL-6, IL-1B and the enzyme cyclooxygenase-2 (COX-2). In an in vivo model
of oral cancer, it has been found that AXT diminishes cell proliferation,
invasion and angiogenesis through inhibition of Janus Kinase 2 (JAK2)/signal
transducer and activator of transcription 3 (STAT3) signaling. The treatment
suppressed via STAT3 the levels of proliferating cell nuclear antigen (PCNA)
and cyclin D1 (Kowshik et al., 2014). The same pathway was also affected in
a rat hepatocellular carcinoma cell line, CBRH-7919, showing reduction in
tumor cell growth after treatment with AXT (Song et al.,, 2012). In human

colon cancer cells, AXT was able to inhibit cell proliferation via
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PI3K/AKT/mTOR, inducing both cell death and downregulation of downstream

MTOR signaling targets associated to proliferation (Palozza et al., 2009).

1.5 Cholangiocarcinoma (CCA) and intrahepatic CC (iCCA)

Cholangiocarcinoma (CCA) comprises a heterogeneous group of malignant
neoplasms affecting any level of the biliary duct. The epithelial cells forming
the bile duct are called cholangiocytes and they exert functions such as bile
acid alkalinisation and fluidification, known to interact with many resident and
non-resident cell types, including hepatocytes, hepatic stellate cells (HSCs),
stem cells and inflammatory cells (Strazzabosco et al., 2000). The
classification of CCA defines three subtypes according to their anatomic
location: intrahepatic CC (iCCA), perihilar and extrahepatic CCA. ICCA can
originate from two different stem cell niches: from the hepatic parenchyma
with the canals of Herrings and from the large and extrahepatic bile ducts with
the peribiliary glands. ICCA is known to display high molecular heterogeneity
(Brandi et al., 2015; Putra et al., 2015; Sia et al., 2013; Walter et al., 2017).
Therapy of iCCA is challenging which is reflected by its dismal prognosis of 5-
years of 20-35 %, and in case of extravasation in distal extrahepatic
structures the 5-years survival is only of 8-12% (Waisberg et al., 2018).

1.5.2 Etiology and molecular pathology of intrahepatic

cholangiocarcinoma

After hepatocellular carcinoma, iICCA represents the second most common
primary liver malignancy, with an incidence of 10% to 20% of all primary liver
cancers (Shaib et al., 2005) (fig.8). Over the last 40 years, the trend of
epidemiology of iICCA has shown an important incidence increase worldwide,
reaching a 165% increase in the United States (Dodson et al., 2013; Saha et
al., 2016; Shaib et al., 2004). Half of deaths from primary liver cancers are

due to ICCA (Bertuccio et al., 2013). The reason for this high mortality is
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associated with the asymptomatic nature of the disease during its growth,

which leads to diagnose the tumor already in an advanced stage, with

metastasis for most of the cases. Nevertheless, for patients in which iICCA

was resectable and without metastasis, the 5-years survival is only 20-35 %
(Waisberg et al., 2018).

Canada
0.35

USA ]
1.6
TIH>JEH
(2003-2009)

Costa Rica
0.3

Incidence (per 100,000 people)
Rare cancer: <6 cases

B Non-rare cancer: >6 cases

Denmark Finland
1.27 1.05
LEH>UIH
UK Aas
. 217 (1978-2002)
IH>LEH
(1971-2001) |
France .
1.3 . ¢ .
TEH>TIH
(1976-2005) e
.
Puerto Rico | | Spain -
0.35 0.5
Switzerland
0.45
Italy
i.i(l
TEH>TIH
(1988-2005)

Germany China South Korea
Saarland 2 Shanghai 7.55 Gwangju 8.75
Hamburg 3 Qidong 7.45 Daequ 7.25
| TEH=TIH IH>EH Q\Asaxll_l
® || (1970-2006) TIH>TEH
Hong Kong 2.25 (1999-2005)
Poland Guangzhou 0.97
03 IH>EH
z Japan
Austria d Osaka 3.5
2.67 ' v Hiroshima 3.05
TEH>TIH b b LEH>TIH
(1990-2009) 12N -3 4 (1985-2005)
L o Taiwan
4.7
Singapore L x IH>EH
Israel 1.45
0.3 IH>EH * | Vietnam Philippines
0.1 1.2
Thailand IH>EH Lazan
North East 85 -
North 14.6 . Australia
Central 14.4 0.43
TIH>TEH
(1998-2002)
South 5.7 pr
TIH>JEH New Zealand
(1998-2002) 0.4

Figure 8. Etiology and molecular pathology of cholangiocarcinoma (CCA) (from Banales

et al., 2016). Worldwide incidence indicating CC cases per 100,000. Data cover the period

from 1971-2009. With arrows is indicated the trend on incidence among intrahepatic CC (IH)

and extrahepatic (EH) and the trend of incidence over time (fincreasing trend; < stable trend;

ldecreasing trend).

The major risk factor to develop ICCA, in the spectrum of bile duct diseases

and conditions, is primary sclerosis cholangitis (PSC) (Welzel et al., 2007),

followed by hepatolithiasis (Shaib et al.,2005) and primary biliary cirrhosis
(Brito et al., 2015; Dodson et al., 2013). Another important risk factor for ICCA

is represented by liver flukes, such as the Clonorchis sinensis and

Opisthorchis viverrini infections, particularly present in East Asia (Sripa et al.,

2007). Among other risk factors associated to iCCA are hepatitis B and C viral
infections, smoking (Brito et al., 2015; Lipshutz et al., 2002; Ohta et al., 1984),

alcoholic liver cirrhosis (Petrick et al., 2018a; Xiong et al., 2018b), obesity
(Petrick et al., 2018b), diabetes (Petrick et al.,, 2018b) and metabolic
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syndrome (Xiong et al., 2018a). As for HCC, non-alcoholic steatohepatitis
(NASH) is considered a risk factor for iCCA (De Lorenzo, 2019). Under the
spectrum of chronic liver diseases, non-specific liver cirrhosis represents as

well a considerable risk factor (Palmer and Patel, 2012).

The pathogenesis of CCA mainly derives from chronic bile duct inflammation,
in which cyclooxygenase-2 (COX-2) is upregulated by bile acids and oxidized
forms of cholesterol (oxysterols) (Yoon et al., 2004). In human liver samples
of patients affected by primary sclerosing cholangitis, a chronic bile duct
inflammation and premalignant disease of the biliary tract de novo expression
of INOS and the presence of oxidative stress markers such as 3-nitrotyrosine
and 8-oxo-dG was shown (Jaiswal et al., 2001). Yuan and collaborators
demonstrated that KCs-derived TNF-a triggers cholangiocytes proliferation via
JNK activation, ROS production and paracrine TNF-q, inducing oncogenic

transformation (Yuan et al., 2017).

With the attempt to dissect iICCA heterogeneity, transcriptomic analysis,
clinical histopathology and patients' outcome have identified two main
biological classes: the inflammation class (38% of iICCA cases) and the
proliferation class (62%). The inflammation class, as the name suggests, is
characterized by the activation of inflammatory signaling pathways, STAT3 in
conjunction with overexpression of inflammatory cytokines. The proliferation
class instead involved the activation of oncogenic signaling pathways (e.g.
RAS, MAP-kinases, HGF/MET), chromosomal aberrations (e.g. amplifications
at 11913.2 and deletions at 14g22.1), mutations in KRAS and BRAF (Sia et
al.,, 2013). Epigenetic alterations (e.g. IDH1 and IDH2) and chromatin
remodelling factors (ARID1A, PBRM1 and BAP1) are as well characteristic of
ICCA (Jiao et al., 2013).

Regarding perihilar and extrahepatic CCA and iCCA therapies, tumor
resection is usually considered the preferred venue of treatment. For
inoperable tumor cases, locoregional therapy with transarterial
chemoembolization can be applied (Poultsides et al., 2010). Genetic and
transcriptomic analysis has revealed molecular targets which are currently
used in therapy such as driver mutations (IDH1/2, EGFR, KRAS, ERBB-2,
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wnt, BAP1l, c-Met) and fusion genes (FGFR2/4, ROS1, ALK) and
angiogenesis-related overexpressed genes (VGFR, RET, KIT, BRAF,
PDGFRB). Checkpoint inhibitors (PD-L1, PD-1, CTLA-4) based-therapies are
currently under clinical trials evaluation (Shiao et al., 2018).
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Aim of study

Oxidative stress has been demonstrated in several studies to be a crucial
factor in driving diseases in the context of chronic inflammation, but is also
important in aging and in cancer. So far, the focus has always been in
evaluating the role of ROS in defined contexts, such as in models of chronic
disease or in cancer studies. For this reason, we still lack a comprehensive
overview about the role of oxidative stress from the establishment of chronic
disease until cancer development. In this thesis, it was my focus to examine
the role of oxidative stress in driving NASH and NASH-induced HCC.
Adopting two different antioxidants (synthetic and naturally-derived) in
combination with CDHFD, | aimed to assess whether it was possible to
prevent or reduce oxidative stress, cell death, inflammation, liver fibrosis and
tumor development. To discern between NASH and HCC prevention, | have
established prophylactic treatment regimen for 6 months and therapeutic
treatment regimen until 12 months. For the therapeutic treatments, two diet-
switch time points for the diet at 3 months (initial stage of NASH) and at 6

months (late NASH stage), respectively, were selected.

In a second project, | wanted to investigate the existence of a point-of-no-
return in carcinogenesis, and to identify serological biomarkers for the
prediction of cancer development. For the first question it was firstly
established NASH with CDHFD feeding regimen, afterward the diet was
switched with normal diet at late NASH stages (at 6 months and at 9 months).
The second question was addressed by performing serum proteomic analysis
over time in NASH-affected mice, in which the mice developing tumors
revealed potential biomarkers to be considered as predictors for HCC.

In the third project, the aim was to characterize the intra- and intertumoral
heterogeneity of iCCA by sequential identification of heterogeneous regions
within clinical human ICCA tumor samples by mass-spectrometry imaging
(MALDI-MSI), followed by RNA-sequencing analysis. The workflow was
completed until extraction of RNA from the identified, laser-microdissected

tumor areas and successful generation of RNA-sequencing libraries.
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2 Materials and methods

2.1 Mice and diets

Four weeks old male C57BL/6JOlaHsd (C57BL/6J) mice were purchased
from Envigo. Mice were housed at the German Cancer Research Center
(DKFZ), Heidelberg. Animal experiments were performed according to
German Law (G267/15, approval no.55.2-1-54-2532-39-15).

Four weeks old male mice were fed a normal chow diet (ND), a 45% choline-
deficient high-fat diet (CDHFD) (Research Diets cat.no. D05010402); 0.7%
butylated hydroxyanisole w/w (BHA) supplemented CDHFD (Research Diets
cat.n0.D16041502); 0.026% w/w Astaxanthin (AXT) supplemented CDHFD
(Research Diets; D17061306). BHA compound was purchased from Sigma-
Aldrich (cat.n0.B1253). Astaxanthin compound (Astaxanthin Oleoresin 5%)
was purchased from AstALPHY ™ Yunnan Alcom BiotechCO. Animals were
euthanized using CO,, as recommended by the german animal protection
law. The endpoints were at 6-months and 12-months on diet.
Immunohistochemistry (IHC), flow cytometry analysis, biochemical and

molecular assays were performed from harvested serum and organs.

2.2 Measurements of serum parameters

Heart blood was harvested from mice after CO,-euthanasia, and the serum
was collected using a Z-Gel microtube (Sarstedt). Serum parameters such as
alanine aminotransferase (ALT), total cholesterol and low-density lipoprotein
cholesterol (LDLC3) were measured on a Cobas Reader in collaboration with

the Institute for Clinical Chemistry and Pathobiochemistry, TUM, Munich.

2.3 Intraperitoneal glucose tolerance test

A 20% glucose solution (NaCl, 0.9%), 5ul/g body weight, was intraperitoneally
(i.p.) injected in mice after overnight fasting.
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The blood was gathered by puncturing the lateral tail vein, the measurement
of the blood glucose was performed using Accu-chek Performa Glucometer
and Accu-check stripes, before glucose injection and at 15, 30, 60, 90 and

120 minutes after glucose injection.

2.4 Calorimetric TSE analysis

Indirect calorimetry was performed on individually housed mice using
PhenoMaster (TSE systems). For the first 3 days, mice were allowed to
acclimate to the new environment. Afterward, metabolic parameters such as
food and water intake, O, consumption, CO, production, respiratory exchange
ratio (RER) and total activity were measured. The aforementioned parameters
were evaluated for at least four consecutive days, with five measurement
values every hour. To exclude the body weight effect on measured

parameters, analysis of covariance (ANOVA) was carried out.

2.5 Isolation from liver and staining of lymphocytes and monocytes for

flow cytometry

After mice euthanasia with CO,, livers were dissected, minced with scissors
and incubated for 35 minutes at 37°C with digestion buffer (Collagen IV
(Sigma) 1:10 (60 U f.c.) and DNase | (Sigma) 1:100 (25 pg/ml f.c.) in RPMI
1640 medium). After the incubation, digested livers were first filtrated 100um
filter and then washed with RPMI 1640 medium with centrifugation of 7min,
300g at 4°C. Lymphocytes and monocytes were enriched with a two-steps
Percoll gradient (20ml 25% Percoll/HBSS underlay with 20ml 50%
Percoll/HBSS) followed by centrifugation for 15min, 1800 g at 4°C
(acceleration:1; deceleration:0). The sample collection was carried out
transferring in a new 50 ml falcon the ring of lymphocytes formed after the
gradient. Then cells were washed with HBSS, centrifuged for 10min, 700g at
4°C, counted and transferred to a 15ml Falcon for a final washing step with
FACS buffer (PBS supplemented with v/iv 0.4% 0.5M EDTA pH= 8 and w/v
0.5% albumin fraction V (cat.n0.90604-29-8). Isolated cells were first stained
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for live/dead cell discrimination with ZombieDyeNIR, according to the
manufacturer’s instructions. Subsequently, cells were washed with FACS
buffer and stained with CD16/CD32 (FC-block), in order to prevent non-
specific binding of 1gG to the Fcylll and Fcyll receptors prior to staining with
antigen-specific primary antibodies. After washing with FACS buffer (1500
rpm, 5min, 4°C), cells were stained for 20min at 4°C with surface-specific
primary antibodies as displayed on table 3 (table 3). After another washing
step as reported above, cells were fixed with eBioscience IC fixation
(cat.n0.00-8222-49), according to the manufacturer’s instructions. Cells were

analyzed using BD FACSFortessa. Data were analyzed by Dr. Elena Kotsiliti

using FlowJo.

Fluorochrome Name Clone Company
Alexa700 CDh4 RM4-5 Biolegend
Alexa700 CD45 30-F11 Biolegend
APC CD11b M1/70 Biolegend
APC CD3 17A2 Biolegend
APC CDh44 IM7 Biolegend
FITC CD19 6D5 Biolegend
FITC CD45 13/2.3 Biolegend
PE CD69 H1.2F3 Biolegend
PE F4/80 13M8 Biolegend
PE/Cy7 CD3 17A2 Biolegend
PE/Cy7 Ly6G 178 Biolegend
PE/Dazzle CD1lc N418 Biolegend
PE/Dazzle CD62L MEL-14 Biolegend
PerCP/Cy5.5 CD8a 53-6.7 Biolegend
PerCP/Cy5.5 Ly6C H14.4 Biolegend

CD16/32 93 Biolegend

Table 3. Antibodies used for flow cytometry experiments, for the analysis of CD8" T cells,
macrophages and infiltrating monocytes.

2.6 Histology, immunohistochemistry and quantification

Harvested organs were fixed in 4% paraformaldehyde and paraffin-embedded
at the Technical University of Munich (TUM) or at the Department of Chronic
Inflammation and Cancer (DKFZ, Heidelberg). The resulting formalin-fixed
paraffin-embedded (FFPE) blocks were cut in sections of 2um. Sections were
then baked 15 min at 70°C. For Hematoxylin/Eosin (H&E) or

immunohistochemistry (IHC) staining (table 4), slides were stained with Bond
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MAX (Leica). For Sudan Red staining, cryosections (5um) were cut and

stained with Sudan Red (0.25% Sudan IV in ethanolic solution). Slides were

scanned with SCN400 slide scanner (Leica) and analyzed using ImageJ. The

technical staff (Anne Jacob, Danijela Heide and Jenny Hetzer) supported the

blocks' sectioning, staining and scanning procedures.

Target Dilution Company
CD3 1:250 Zytomed
F4/80 1:120 Linaris
Gp73 1:100 Santa Cruz
MHCII 1:500 Big{géf; o

Table 4. Antibodies used for IHC.

2.7 Non-Alcoholic Fatty Liver Disease (NAFLD) activity score (NAS)

The NAS score was used for the grading of NAFLD-NASH, accordingly to
Takahashi and Fokusato (Takahashi and Fokusato, 2014). The H&E stained

liver sections were evaluated: the resulting score was calculated as the sum

of the scores for steatosis (0-3), lobular inflammation (0-3), and ballooning (0-

2), and ranges from O to 8 (tableb).

Item Extent Score
<5% 0
Steatosis 5% - 33% 1
>33%-66% 2
>66% 3
No foci 0
ianI;;r:J;l:trion <2 foci per 200x field 1
2-4 foci per 200x field 2
>4 foci per 200x field 3
None 0
Ballooning Few ballooning hepatocytes 1
Many ballooning 2
hepatocytes

Table 5. NAS scoring system.
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2.8 DNA extraction and quantification

The extraction of DNA was performed from fresh frozen liver tissues using the
QlAamp DNA Mini Kit (cat.no. 51304, Qiagen, Hilden Germany). Briefly, <25
mg of tissue was cut and put in a 1.5 ml microcentrifuge tube together with
180 ul of Buffer ATL and 20 pl of Proteinase K for incubation of 4 hours at
56°C. After incubation, 200 ul of Buffer AL were added to the lysed tissue and
incubated at 70°C for 10 min. 200 pl of 100% ethanol were added before
thorough mixing the solution. The solution was then placed in a QlAamp Mini
spin column and centrifuged at 8000 rpm for 1 min. After discarding the flow-
through from the collection tube, the column was washed two times: at 8000
rpm for 1 min, with 500 pl of Buffer AW1 followed by centrifugation of 500 pl of
Buffer AW2 through the column. After discarding the flow-through, possible
Buffer AW2 carryover was eliminated by centrifuging the column at full speed
(14,000 rpm) for 3 min. DNA was eluted from the column using 50 pl of sterile
water placing on the top of the column and incubating for 5 minutes at room
temperature prior centrifugation at 8000 rpm for 1 min. The DNA
concentration was determined using a NanoDrop 2000 photo spectrometer
(instrument of Peglab, Erlangen, Germany; software of Thermo Fisher
Scientific, Waltham, USA).

2.9 Genomic copy number analysis by array CGH

To characterize genomic copy number alterations of tumors from 12-months
CDHFD group and from the Astaxanthin diet-switch group (CDHFD 6-
months—>AXT+CDHFD 6-months), array comparative genomic hybridization
(aCGH) was performed using high-resolution oligonucleotide-based G4126A
SurePrint G3 Custom Mouse 8x60K CGH microarrays (cat.no. 4839A, Agilent
Technologies, USA). 250 ng of tumor DNA and 250 ng of reference DNA
(from healthy livers on chow diet mice) were labelled respectively with Cy3
and Cy5 fluorochromes, using the CGH labelling kit for oligo arrays (Enzo,

USA). To remove unincorporated nucleotides were used Microcon YM-30

59



columns (Millipore, USA). Labeled DNA was subsequently hybridized on
Mouse Genome CGH 8x60K microarrays for 40 hours. After washing steps
according to the manufacturer’s protocol, the array slides were processed on
a G2505C Sure Scan Microarray Scanner (Agilent Technologies, USA). The
Agilent Technologies’ Feature Extraction 10.7 software (Agilent Technologies,
USA) was then adopted for data quality control and extraction. The raw data
were subsequently imported into the R statistical platform (R Development
Core Team. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0,
URL: http://www.R-project.org/) in order to first subtract the median intensity
signals of the background and then to generate log2 ratios. The Agilent
feature extraction software was then applied to normalize median values and
for quality filtering. Afterwards the log2 ratios were segmented, called and
defined in copy number regions by the functions from the CGHcall (van de
Wiel et al., 2007) and CGHregions (van de Wiel and van Wieringen, 2007)

packages.

2.10 Protein extraction and quantification from liver murine samples

Liver fresh frozen tissues were homogenized using a GentleMACS dissociator
(Miltenyi) and RIPA buffer (20 mM Tris-Cl (pH 7.4), 3 mM EDTA, 2% Triton X-
100, 150 mM NaCl) with 1x cOmplete™ protease inhibitor (Roche) and 1x
PhosSTOP™ phosphatase inhibitor (Roche), at a ratio of 100ul buffer per
10mg tissue sample. After homogenization, lysates were transferred into 1.5
ml tubes and centrifuged for 10 min at 4°C and 13,000 rpm in an Eppendorf
tabletop centrifuge. Supernatants were then transferred to fresh 1.5 ml tubes
and stored at -80°C until further used. Protein concentrations were
determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific)
according to the manufacturer's instructions. In brief, standard dilutions were
prepared in RIPA buffer, covering a range from 25ug/ml to 2,000pg/ml
protein. Samples were diluted 1:25 in RIPA buffer. The working reagent was

prepared as described in the protocol. 25 pl of sample or standard solution
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were incubated with 200ul of working reagent for 30 min at 37°C.
Spectrophotometric measurements were obtained from a Tecan Infinite200
pro (Tecan Group Ltd.) at 560nm. Concentrations were determined by linear
regression of standard curve absorption using Microsoft Excel.

2.11 Abundant protein depletion and quantification from serum samples

The depletion of abundant proteins (albumin and IgG) was carried out using

the Proteome Purify™ 2 -

(cat.no. MIDR002-040, R&D systems/Biotechne). Ten uL of serum was

Mouse Serum Protein Immunodepletion Resin

placed on a 1.5 ml tube, followed by 1 ml of suspended resin. The mix was
placed in a rotary shaker and mixed for 45 minutes. After the incubation time,
the suspension was filtered in two Spin-X Filter Units by 2000 g centrifugation
for 2 minutes. The resulting filtrates were combined (for each sample) in a
new 1.5 ml tube and was added 5 volumes of cold (-20°C) 100% acetone for
an overnight precipitation at -20 °C. The next day samples were centrifuged at
15,000 g for 30 minutes at 4 °C. The supernatant was discarded and was
added an equal volume of cold 50% acetone and centrifuged at 15,000 g for
30 minutes at 4°C. This step was repeated, subsequently the pellet was
allowed to air dry for 30 minutes at room temperature. The dried pellet was
dissolved in 15-25ul (depending from the pellet size) of urea/thiourea buffer
(6M Urea / 2M Thiourea in 10mM of HEPES (pH 8.0)). Protein quantification
was performed with Qubit Protein assay (cat.no. Q33211, Invitrogen)

according the manufacturer's instructions.

2.12 Quantitative protein analysis by mass spectrometry for murine

samples

MS measurement and raw data processing were performed in collaboration
with the core facility of Genomics and Proteomics Core Facility (GPCF),
Protein Analysis Unit - W120. Briefly, 1 or 10 ug of sample was loaded on

SDS-gel and let to run for a short distance of 0.5 cm. After Coomassie
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staining, the total sample was cut out unfractionated and used for subsequent
Trypsin digestion according to a protocol modified from the original of
Shevchenko et al. (Shevchenko et al., 2006) digestion performed on the
DigestPro MSi robotic system (INTAVIS Bioanalytical Instruments AG).
Digested samples were then loaded on a cartridge trap column, packed with
Acclaim PepMap300 C18, 5um, 300A wide pore (Thermo Fisher Scientific)
and separated in a 180 min gradient from 3% to 40% ACN on a nanoEase MZ
Peptide analytical column (300A, 1.7 um, 75 pm x 200 mm, Waters) plus an
UltiMate 3000 UHPLC system. The analysis of eluting peptides was
performed by an online coupled Q-Exactive-HF-X mass spectrometer
(Thermo Fisher Scientific) running in a data-dependent acquisition mode
consisting of one full scan, followed by up to 12 MSMS scans of eluting
peptides. MaxQuant was adopted for data analysis (version 1.6.0.16)
(Tyanova et al., 2016) using an organism-specific database extracted from
Uniprot.org under default settings. FDR cutoffs were 0.01 for both peptide and
protein level identification. Quantification was done using a label-free
guantification approach based on the MaxLFQ algorithm (Cox et al., 2014). A
minimum of two quantified peptides per protein was required for protein
guantification. Filtering, imputation of missing values and statistical analysis
were performed using Perseus software package (version 1.6.2.5) (Tyanova
and Cox, 2018).

2.13 ICC human sample preparation for Mass Spectrometry Imaging
(MSI)

Human intrahepatic cholangiocarcinoma tissue sections of 3 um were
mounted on a Matrix-Assisted Laser Desorption/lonization (MALDI)-
compatible target carrier (cat.no. 8237001, Bruker) composed of the
electrically conductive indium tin oxide (ITO)-coated glass slides. After
deparaffinization, samples were coated with a 9-aminoacridine-based matrix
allowing the absorption and transferring of the laser energy to the samples for

their subsequent desorption and ionization. Samples were analyzed with
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guantitative measurement for metabolites (Ly et al.,, 2016). The Mass
Spectrometry Imaging (MSI) was performed in negative mode at 50 pm
spatial resolution and a range of m/z 50-1000 using a rapifleX MALDI-
ToF/ToF (Bruker Daltonik GmbH, Germany). Red phosphorus was used for
external calibration. Consecutive sections were stained with H&E and
scanned using a Mirax Desk slide scanner (Carl Zeiss AG, Germany). Tumor
areas, defined as regions-of-interest (ROIs), were annotated digitally
(Pannoramic Viewer, 3DHISTECH Ltd., Hungary) by the pathologist
Prof.Dr.Terracciano (University-Hospital of Basel). The subsequent data
analysis was performed by the import of the annotations together with the MSI
data into SCILS Lab 2019b (Bruker Daltonics GmbH, Germany). Tumor-
associated spectra were first normalized to their total ion current and
subsequently clustered by k-means with five classes (Dewez et al., 2019).
The resulting segmented regions were then imported into Matlab R2017b for
image processing. Then the boundaries of the segmented regions were
determined and exported as XML file compatible with the laser
microdissection system. The identified boundaries were then burned within
the tissue section by the laser of a Leica LMD 7000 system (Leica

Microsystems, Wetzlar, Germany).

2.14 Manual microdissection

The isolation of single clusters from the samples was performed using an
inverted microscope (HAL 100, Zeiss, Germany) and a scalpel. The burned
boundaries helped the tissue detachment with the scalpel. The small areas

from the same cluster per each sample were pooled in a 1.5 pl tube.

63



2.15 RNA extraction

For the RNA extraction of isolated clusters of each sample, a combination of
two protocols from the RNeasy FFPE kit (cat.no.73504, Qiagen, Germany)
and from RNeasy Micro kit (cat.n0.74004, Qiagen, Germany) was applied.
This adjustment was carried out in order to achieve better yield from low
amounts and low quality of RNA. The optimization of the procedure was
obtained with the support of the scientist Lisa Kreutzer, with additional
technical assistance provided by Laura Dajka. Briefly, 150 pl of Buffer PKD
together with 10 pl of Proteinase K was added to the tube containing the
collected tissue from microdissected clusters. Samples were digested in a
shaking thermomixer at 55°C overnight. The day after, samples were vortexed
and heated up at 80°C for 15 min in a heating block. To adjust binding
conditions 320 ul RBC buffer were added. The resulting lysates were then
mixed thoroughly and transferred to a gDNA Eliminator spin column placed in
a 2 ml collection tube. The spin columns were centrifuged for 30 sec at 28000
X g (210,000 rpm). Then the columns were discarded while keeping the flow-
through. Subsequently 560 pl of 100% ethanol were added twice to the flow-
through and mixed well by pipetting. The mixtures were transferred to a
RNeasy MinElute spin column and centrifuged for 15 sec at 28000 x g
(210,000 rpm). The flow-through was discarded and the column membranes
were washed twice with 500 pl RPE buffer centrifuging for 15 sec at 28000 x
g (210,000 rpm) and the flow-through was discarded. In order to completely
dry the membrane for the elimination of ethanol residuals that interfere with
downstream reactions, the columns were placed on a new collection tube of 2
ml and centrifuged at full speed for 5 minutes. Afterward the RNeasy MinElute
spin columns were placed in a new 1.5 ml collection tube and for the RNA
elution, 15-30 pl of RNase-free water were added directly to the spin column
membranes. Centrifugation for 1 min at full speed allowed the elution of the
RNA. The quality and the integrity of the RNA were checked using the
Bioanalyzer 2100 Systems (Agilent Technologies, Inc., USA) together with
Agilent RNA 6000 Pico Kit (cat.no.5067-1513, Agilent Technologies, Inc.,

USA) provided measurements for RNA quality, and further calculation of
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percentage from fragments >200 nucleotides (DVyp) was assessed to

determine the RNA integrity.

2.16 Library preparation for RNA sequencing (RNAseq)

The libraries were prepared with 30 ng of total RNA using QuantSeq 3'
MRNA-Seq Library Prep Kit FWD for Illumina (SKU: 015.96, Lexogen GmbH,
Austria) with single-indexing, according to the manufacturer's instruction for
low-quality RNA. To determine the optimal cycle number for the library
amplification the PCR Add-on Kit from lllumina (SKU: 020.96, Lexogen
GmbH, Austria) was used. The individual libraries were eventually amplified
with 24 PCR cycles.

MALDI MSI analysis and laser microdissection were conducted in
collaboration with Prof. Benjamin Balluff (M4l Division of Imaging Mass
Spectrometry, Maastricht University, The Netherlands). Sample preparation,
with manual microdissection, RNA extraction and library preparation, was
performed with the support of Lisa Kreutzer, Theresa Heider, Steffen Heuer
and Laura Dajka, from the Research Unit Radiation Cytogenetics at Helmholtz

Zentrum Munchen.

2.17 Statistical analysis

All data are presented as the mean +SEM. GraphPad Prism software version
8.01 (GraphPad Software) was used for graphical visualization and for the
statistical analysis. Data were analyzed by unpaired, parametric t-test. For
comparing multiple groups, data were analyzed by one-way ANOVA with
Turkey’s multiple comparison test. Statistical significance for HCC incidence
was calculated using Fisher's exact test. Statistical significance is indicated as
follows: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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3 Results

3.1 Prophylactic supplementation of CDHFD with the synthetic

antioxidant compound BHA prevents NASH and liver damage

In our study on the role of oxidative stress in NASH and NASH-induced HCC,
we wanted to evaluate the effects of two potent antioxidants, different in
nature. BHA, a synthetic antioxidant widely used to prevent food oxidation,
was added to CDHFD. Mice were fed a BHA+CDHFD for 6 months, starting at
4-weeks age. The body weight of the CDHFD group increased over time, in
contrast to the BHA+CDHFD fed mice that maintained a body weight similar
to the normal diet (ND) group (fig. 9A). Upon glucose challenge performed by
intraperitoneal glucose tolerance test (IPGTT), BHA+CDHFD mice did not
show impaired glucose response (fig. 9B). The antioxidant-treated mice
showed no liver damage, as indicated by ALT values (fig. 9C). Cholesterol
was also reduced in BHA+CDHFD mice compared to CDHFD fed mice (fig.
9D). The CDHFD group upon H&E staining of liver sections displayed lipid
accumulation, ballooning hepatocytes and immune cells infiltration, all NASH
hallmarks which were not observed in BHA+CDHFD-treated mice (fig. 9E).
Accordingly, the NAS score (fig. 9F) indicated that BHA protected from NASH
and prevented hepatic lipid accumulation, as shown also by Sudan red
staining (fig. 9G, H).
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Figure 9. Prophylactic BHA protects from NASH and liver damage

A) Monthly weight measurements in male C57BI/6 J Ola Hsd ND, CDHFD and prophylactic BHA+CDHFD mice
(n=25). B) Glucose tolerance test achieved with 6-month-old male mice on ND, CDHFD or prophylactic
BHA+CDHFD group (n=4 each). C) Quantification of serum alanine transaminase (ALT) and of free cholesterol (D) in
male 6-month-old male mice on ND, CDHFD or prophylactic BHA+CDHFD group (n = 6 each). E) H&E
representative pictures demonstrating NASH presence or absence for ND, CDHFD or prophylactic BHA+CDHFD
livers. F) NAFLD Activity Score (NAS) evaluated for the three groups (n = 4 each). G) Sudan red staining indicating
hepatic fat accumulation in ND, CDHFD or prophylactic BHA+CDHFD group. H) Quantification of total Sudan red
positive area for the three groups (n = 3 each). The scale bar indicates 100 um. All data were analyzed using two-
tailed Student’s t test or with one-way ANOVA with Turkey’s multiple comparison test and are shown as mean *
s.e.m, with statistical significance displayed for p-values <0.05.
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3.2 Prophylactic BHA treatment reduces fibrosis and immune response

activation, but not proliferation

In order to check for the presence of perisinusoidal fibrosis, liver tissues were
stained with Sirius red. The prophylactic BHA treatment in CDHFD mice could
prevent fibrosis normally present in CDHFD livers (fig. 10A). Ki67 staining
showed no significant difference in hepatic proliferation between
BHA+CDHFD fed mice and CDHFD fed mice (fig. 10B). Similarly, CD3 IHC
showed that the number of CD3" cells did not significantly differ from the
CDHFD group (fig. 10C). Instead, the CD8" T cell population was reduced in
BHA+CDHFD mice, as seen by flow cytometric analysis (fig. 10F). By IHC, it
was observed that MHCII" cells and F4/80" cells were significantly reduced,
compared to CDHFD (fig. 10D, E). Accordingly, flow cytometry analysis
revealed a strong reduction of KCs (CD11b", F4/80") and of infiltrating
monocytes (CD11b", F4/80°, Ly6C") (fig.10 G, H).
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Figure 10. Prophylactic BHA prevents fibrosis and immune response activation

A) Representative Sirius red staining showing perisinusoidal fibrosis, with quantifications to the right for
the ND, CDHFD and prophylactic BHA+CDHFD groups (n=5). B) Representative immunohistological
staining for Ki67" hepatocytes with respective quantification in percentages of the right side for the three
groups (n = 4), D) Histological representative pictures for CD3" T cells (n = 4), plus quantification per
mm? on the right side, for the three groups (n = 4). D) The myeloid compartment evaluated by IHC
staining for MHCII" and (E) F4/80" cells with respective quantification per mm? on the right side (MHCII:
n = 4), (F4/80: n = 3). Quantifications of flow cytometric analyses for liver activated CD8" T cells (F),
Kupffer cells (G) and infiltrating myeloid cells (H) from ND, CDHFD or prophylactic BHA+CDHFD group
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(n = 4). The scale bar represents 100um. All data were analyzed using two-tailed Student’s t test and

are shown as mean * s.e.m, with statistical significance displayed for p-values <0.05.

3.3 Prophylactic supplementation of CDHFD with the natural
antioxidant compound astaxanthin partially prevents NASH and

reduces liver damage

Then we applied a second antioxidant compound, this time of natural origin,
coming from the microalga Haematococcus pluvialis. As in the previous
treatment, the compound has been added to the CDHFD, and the resulting
diet was given to the mice for 6 months. This supplementation did not prevent
weight gain but significantly reduced the weight in the last two months
compared to CDHFD (fig. 11A). Although prophylactic AXT+CDHFD mice
were obese, in 50% of the cases livers did not show NASH, whereas the other
half showed moderate NAFLD activity score (fig. 11F). AXT could also
diminish, compared to CDHFD fed mice, hepatic lipid accumulation (fig.11 E,
G, H). Furthermore, AXT+CDHFD fed mice did not show any impaired
glucose response towards glucose injection (fig. 11B). Serum analysis
revealed that AXT supplementation significantly reduced ALT values
compared to CDHFD (fig. 11C). Serum cholesterol remained the same as
CDHFD mice (fig. 11D).
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Figure 11. Prophylactic AXT induces obesity but ameliorates NASH and liver damage

A) Monthly weight measurements in male C57BI/6 J Ola Hsd ND, CDHFD and prophylactic
AXT+CDHFD mice (n=25). B) Glucose tolerance test achieved with 6-month-old male mice on ND,
CDHFD or prophylactic AXT+CDHFD group (n=4 each). C) Quantification of serum alanine
transaminase (ALT) and of free cholesterol (D) in male 6-month-old male mice on ND, CDHFD or
prophylactic AXT+CDHFD group (n = 6 each). E) H&E representative pictures demonstrating NASH
presence or absence for ND, CDHFD or prophylactic AXT+CDHFD livers. F) NAFLD Activity Score
(NAS) evaluated for the three groups (n = 4 each). G) Sudan red staining indicating hepatic fat
accumulation in ND, CDHFD or prophylactic AXT+CDHFD group. H) Quantification of total Sudan red
positive area for the three groups (n = 3 each). The scale bar indicates 100 um. All data were analyzed
using two-tailed Student’s t test or with one-way ANOVA with Turkey’s multiple comparison test and are

shown as mean + s.e.m, with statistical significance displayed for p-values <0.05.

3.4 Prophylactic treatment with astaxanthin diet supplementation

decreases fibrosis, inflammation and hepatic proliferation
Notably, although not affecting systemic weight gain, prophylactic

AXT+CDHFD mice did not show fibrosis, in contrast to CDHFD fed mice (fig.
12A). AXT supplementation inhibited hepatocyte proliferation, as shown by
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ki67 IHC (fig. 12B). In the AXT+CDHFD group, absolute numbers of CD3"
(fig. 12C) and activated CD8" T cells (fig. 12F) were significantly reduced
when compared to CDHFD, as it was shown by flow cytometry. KCs were
reduced in number in the AXT+CDHFD group when compared to the CDHFD,
as demonstrated by histology via anti-MHCII and anti-F4/80 staining (fig. 12
D, E) and with flow cytometry analysis (fig. 12G). Furthermore, the infiltrating

monocytes were also reduced compared to NASH-affected mice (fig. 12H).
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Figure 12. Prophylactic AXT prevents fibrosis and immune response activation

A) Representative Sirius red staining showing perisinusoidal fibrosis, with quantifications to the right for
the ND, CDHFD and prophylactic AXT+CDHFD groups (n = 5). B) Representative immunohistological
staining for Ki67" hepatocytes with respective quantification in percentages of the right side for the three
groups (n = 4), C) Histological representative pictures for CD3" T cells (n = 5), plus quantification per
mm? on the right side, for the three groups (n = 4). D) The myeloid compartment evaluated by IHC
staining for MHCII" and (E) F4/80" cells with respective quantification per mm? on the right side (MHCII:
n = 5), (F4/80: n = 3). Quantifications of flow cytometric analyses for liver activated CD8" T cells (F),
Kupffer cells (G) and infiltrating myeloid cells (H) from ND, CDHFD or prophylactic AXT+CDHFD group
(n = 4). The scale bar represents 100um. All data were analyzed using two-tailed Student’s t test and

are shown as mean * s.e.m, with statistical significance displayed for p-values <0.05.

3.5 Liver proteomic analyses of prophylactic antioxidant treatments

Proteomic analysis of liver mass-spectrometry data revealed that 6-months
CDHFD fed mice upregulate proteins involved in typical pathways
characteristic of NASH (fig.13A). The enrichment performed with STRING
(string-db.org) in combination with literature correlation, allowed us to identify
five major clusters in which the pathways were grouped (fig. 13A). Cluster-I
contains lipid metabolism-related pathways including: de novo lipogenesis,
lipid elongation and ceramide synthesis (fig. 13B). Cluster-1l includes
pathways related to lipotoxicity such as apoptosis and ER stress, the latter
including the unfolded protein response (UPR) and the ER-associated
degradation (ERAD) pathways (fig. 13C). Cluster-lll includes pathways
related to oxidative stress, like lipid peroxidation and peroxidized lipid
transport, antioxidant response and DNA damage response (fig. 13D).
Cluster-1V pathways are involved in inflammation and fibrosis, which include:
inflammatory cascade (eicosanoids), NF-kB signaling, macrophages
activation and fibrosis (fig. 13E). Cluster-V combines pathways involved in
neoplastic transformation, among them proliferation and glycolysis, and
tumor-associated proteins. Notably, prophylactic antioxidant treatments with
either BHA or AXT supplementation could prevent the upregulation of the
aforementioned pathways, with the exception of few candidates for the
BHA+CDHFD group. The prophylactic BHA+CDHFD group strongly

downregulated the lipogenic protein  Acetyl-CoA carboxylase 2
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(ACACB/ACC2) (fig. 13B). In addition, BHA led to the upregulation of target

genes of NRF2, especially high for carbonyl reductase 3 (CBR3) and
NAD(P)H dehydrogenase [quinone] 1 (NQO1) (fig. 13D).
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Figure 13. Proteomic analysis of pathways affected by prophylactic BHA and AXT treatment

A) Graphical summary representative upregulated proteins in most relevant NASH inducing pathways,
grouped in five clusters. The enrichment for upregulated proteins in NASH-affected mice was based on
KEGG and literature correlation. B) Cluster-I grouping lipid metabolism related pathways, with STRING-
network illustrations and corresponding heatmaps, displaying fold change (FC) differences of C57BI/6 J
Ola Hsd 6-month-old male mice CDHFD, prophylactic BHA+CDHFD and prophylactic AXT+CDHFD,
compared against ND (n = 6 each). Lipid metabolism related pathways include: 1) de novo lipogenesis,
2) lipid elongation, 3) ceramide synthesis. C) Cluster-Il grouping lipotoxicity related pathways, with
STRING-network illustrations and corresponding heatmaps. Lipotoxicity related pathways include: 4) ER
stress associated pathways (Unfolded protein response (UPR) and ER-associated degradation (ERAD))
and 5) apoptosis. D) Cluster-1ll grouping oxidative stress related pathways, with STRING-network
illustrations and corresponding heatmaps. Oxidative stress related pathways include: 6) lipid
peroxidation/peroxidized lipid transport, 7) antioxidant response, 8) DNA damage response. E) Cluster-
IV grouping inflammation and fibrosis related pathways, with STRING-network illustrations and
corresponding heatmaps. Inflammation and fibrosis related pathways include: 9) inflammatory cascade
(eicosanoids), 10) NF-kB signalling, 11) macrophages, 12) fibrosis. F) Cluster-V grouping neoplastic
transformation related pathways, with STRING-network illustrations and corresponding heatmaps.
Neoplastic transformation related pathways include: 13) proliferation, 14) glycolysis, 15) tumor-
associated proteins. Significance displayed on top-right of each logarithmic 2 (Log2) FC value on the
heatmaps, indicates false discovery rate (FDR) < 0.01 between experimental groups (CDHFD,
BHA+CDHFD or AXT+CDHFD) and ND fed mice ND (n = 6 each). STRING-network (string-db.org)
legend displaying known/predicted or other (textmining, co-expression, protein homology) interactions.
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3.6 Therapeutic BHA treatment at late NASH stage reverts NASH

phenotype and liver damage

In order to evaluate the role of antioxidants in tumor prevention or incidence
reduction, we firstly established NASH phenotype by feeding mice with
CDHFD for a period of 6 months, and then we changed the diet to
BHA+CDHFD or AXT+CDHFD.

The therapeutic treatment with BHA supplementation led to a strong weight
reduction compared to the CDHFD group, which was maintained over time
until the end point of 12-months (fig. 14A). The weight reduction most likely is
not due to a reduced food intake, as evaluated in a short-term feeding
experiment. More specifically, it was observed that mice switched to BHA
reduced their food consumption to 78% (first week) and 34% (third week),
with respect to the beginning of the feeding experiment. By the fourth week,
the BHA-switched group reached the initial food consumption (fig. 14l),
indicating that the mice had adjusted to the new diet. The food intake per
mouse and the metabolic parameters where assessed by the TSE Systems
Indirect gas calorimetry. The respiratory exchange ratio, which shows the
volume of carbon dioxide (CO,) produced to the volume of oxygen (O,) used
(VCO,/VOy), although decreased after diet switch, remained the same in the
prophylactic BHA+CDHFD mice. The food intake did not differ between the
CDHFD group and the prophylactic BHA+CDHFD group (fig. 14J, K).
Regarding 6-months switched BHA+CDHFD therapeutic group, serological
measurement for ALT values showed a strong reduction in liver damage (fig.
14C). Serological cholesterol displayed as well a significant reduction in the
diet-switch group compared to the CDHFD 12-months (fig. 14D). H&E and
Sudan red staining revealed a reduction in steatosis and an absence of
hepatic lipid accumulation (fig. 14E, F, G, H). The therapeutic BHA+CDHFD
treated mice did not demonstrate glucose impairment upon G.T.T., revealing

a very similar profile to the ND control mice (fig. 14B).
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Figure 14. Therapeutic BHA treatment at late NASH stage rescues NASH phenotype and liver
damage

A) Monthly weight measurements in male C57BI/6 J Ola Hsd ND, CDHFD and therapeutic
BHA+CDHFD mice (n=25). B) Glucose tolerance test achieved with 12-month-old male mice on ND,
CDHFD or therapeutic BHA+CDHFD group (n=4 each). C) Quantification of serum alanine
transaminase (ALT) and of free cholesterol (D) in male 12-month-old male mice on ND, CDHFD or
therapeutic BHA+CDHFD group (n = 5 each). E) H&E representative pictures demonstrating absence or
presence of NASH of ND, CDHFD or therapeutic BHA+CDHFD livers. F) NAFLD Activity Score (NAS)
evaluated for the three groups (n = 7 each). G) Sudan red staining indicating hepatic fat accumulation in
ND, CDHFD or therapeutic BHA+CDHFD group. H) Quantification of total Sudan red positive area for
the three groups (n = 3 each). I) Food consumption measurements in percentages for short term

BHA+CDHFD diet-switch with ND and CDHFD control groups; each dot illustrates food consumption for
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a cage containing 4 mice. J) Metabolic measurements performed in TSE unit, displaying food intake in
grams per mouse/day in ND, CDHFD or therapeutic BHA+CDHFD group (n = 4 each). K) Metabolic
measurements performed in TSE unit, displaying respiratory exchange ratio, which shows the volume of
carbon dioxide (CO2) produced to the volume of oxygen (O2) used (VCO,/VO,) in ND, CDHFD or
therapeutic BHA+CDHFD group (n = 4 each). The scale bar indicates 100 um. All data were analyzed
using two-tailed Student’s t test or with one-way ANOVA with Turkey’s multiple comparison test and are

shown as mean + s.e.m, with statistical significance displayed for p-values <0.05.

3.7 Therapeutic BHA treatment decreases fibrosis and inflammation

but not hepatic proliferation

Therapeutic treatment with BHA+CDHFD for 6-months was able to fully
reduce fibrosis, as shown by Sirius red staining (fig. 15A). The number of
proliferating hepatocytes in the therapeutic BHA treated group displayed a
decreasing trend when compared to the CDHFD group (fig. 15B). The
numbers of CD3" cells as well as activated CD8" T cells were not different in
the therapeutic group in comparison with ND mice (fig.15C, F).

The same was observed for the myeloid compartment, where MHCII* and
F4/80" cells did not show any difference in numbers in the BHA therapeutic
group versus the ND group (fig. 15D, E). The same profiles, in terms of total
cell numbers, were also demonstrated with flow cytometry analysis for KCs
and infiltrating monocytes (fig. 15G, H). The tumor incidence in the
therapeutic BHA+CDHFD group was significantly reduced, with 10%
incidence versus 34% in the CDHFD 12-month group (fig. 15I).
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Figure 15. Therapeutic BHA abrogates fibrosis, immune response activation and reduces tumor

incidence

A) Representative Sirius red staining showing perisinusoidal fibrosis, with quantifications to the right for
the ND, CDHFD or therapeutic BHA+CDHFD group (n

= 5). B) Representative immunohistological
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staining for Ki67" hepatocytes with respective quantification in percentages of the right side for the three
groups (n = 3), D) Histological representative pictures for CD3" T cells (n = 3), plus quantification per
mm? on the right side, for the three groups (n = 4). D) The myeloid compartment was evaluated by IHC
staining for MHCII" and (E) F4/80" cells with respective quantification per mm? on the right side (MHCII:
n = 3), (F4/80: n = 4). Quantifications of flow cytometric analyses for liver activated CD8" T cells (F),
Kupffer cells (G) and infiltrating myeloid cells (H) from ND, CDHFD or therapeutic BHA+CDHFD group
(n =2 4). 1) Tumor incidence of 12-months CDHFD fed mice and therapeutic BHA+CDHFD. The scale bar
represents 100um. All data were analyzed using two-tailed Student’s t test and are shown as mean +
s.e.m, with statistical significance displayed for p-values <0.05. For tumor incidence comparisons was
used the Exact-Fisher test, significant values showed for p-value < 0.05.

3.8 Therapeutic astaxanthin supplementation at late NASH stage
ameliorates NASH phenotype but has no effects on liver damage

We then tested AXT+CDHFD in a therapeutic approach starting with mice
already on CDHFD for 6 months (late NASH stage), up until 12 months on
diet. The mice became obese and continued to gain weight after diet switch,
even slightly more than CDHFD only (fig. 16A). The AXT+CDHFD therapeutic
group did not show a reduction in serum ALT and cholesterol levels (fig. 16C,
D). Although AXT did not prevent hepatic lipid accumulation, as shown by
H&E and Sudan red (fig. 16E, G), the treated mice displayed a significant
decrease in NAFLD activity score compared to the CDHFD 12-months group
(fig. 16F). Of note, the lipid accumulation in the AXT-therapeutic treated livers
actually increased (fig. 16H), most likely because the compound’s vehicle
made of oleoresin increased the overall diet kilocalories by 5%. Despite the
fact that AXT could not reverse obesity, liver damage and cholesterol levels,
thus exhibiting some features of metabolic syndrome, upon glucose
challenge, the therapeutic AXT+CDHFD treated mice did not show insulin
resistance (fig. 16B).
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Figure 16. Therapeutic AXT at late NASH stage does not rescue from NASH and liver damage

A) Monthly weight measurements in male C57BI/6 J Ola Hsd ND, CDHFD and therapeutic
AXT+CDHFD mice (n=25) for late stage NASH. B) Glucose tolerance test achieved with 12-month-old
male mice on ND, CDHFD or therapeutic AXT+CDHFD group (n=4 each). C) Quantification of serum
alanine transaminase (ALT) and of free cholesterol (D) in male 12-month-old male mice on ND, CDHFD
or therapeutic AXT+CDHFD group (n = 5 each). E) H&E representative pictures demonstrating absence
or presence of NASH of ND, CDHFD or therapeutic AXT+CDHFD livers. F) NAFLD Activity Score (NAS)
evaluated for the three groups (n = 7 each). G) Sudan red staining indicating hepatic fat accumulation in
ND, CDHFD or therapeutic AXT+CDHFD group. H) Quantification of total Sudan red positive area for
the three groups (n = 3 each). Scale bar indicates 100 ym. All data were analyzed using two-tailed
Student’s t test or with one-way ANOVA with Turkey’s multiple comparison test and are shown as mean
+ s.e.m, with statistical significance displayed for p-values <0.05.
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3.9 Therapeutic astaxanthin treatment decreased fibrosis,

inflammation and hepatic proliferation

Therapeutic AXT+CDHFD treatment at late-stage NASH was able to reverse
fibrosis, as shown by Sirius red staining in liver sections (fig. 17A) and most
surprisingly, significantly reduced hepatocyte proliferation, as shown by ki67
IHC (fig. 17B). IHC showed a reduction of CD3" (fig. 17C) and MHC" cells
(fig. 17D) for the therapeutic group versus CDHFD fed mice 12-months.
F4/80" IHC showed a trend of decrease in the therapeutic group compared to
the CDHFD mice (fig. 17E). Flow cytometry analysis revealed no activated
CD8" T cells (fig. 17F), and no increase of KCs (fig. 17G) and infiltrating
monocytes (fig. 17H), similar to ND group.
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Figure 17. Therapeutic AXT at late NASH stage reduces fibrosis, infiltration of CD3" cells, KCs

A) Representative Sirius red staining showing perisinusoidal fibrosis, with quantifications to the right for
the ND, CDHFD or therapeutic AXT+CDHFD group (n = 5) for late NASH stage. B) Representative
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immunohistological staining for Ki67" hepatocytes with respective quantification in percentages of the
right side for the three groups (n = 3), D) Histological representative pictures for CD3" T cells (n = 3),
plus quantification per mm? on the right side, for the three groups (n = 4). D) The myeloid compartment
was evaluated by IHC staining for MHCII" and (E) F4/80" cells with respective quantification per mm? on
the right side (MHCII: n = 3), (F4/80: n = 4). Quantifications of flow cytometric analyses for liver activated
CD8" T cells (F), Kupffer cells (G) and infiltrating myeloid cells (H) from ND, CDHFD or therapeutic
BHA+CDHFD group (n = 4). The scale bar represents 100um. All data were analyzed using two-tailed
Student’s t test and are shown as mean + s.e.m, with statistical significance displayed for p-values
<0.05.

3.10 Therapeutic astaxanthin treatment at late stage reduces tumor

incidence and hepatocytes’proliferation in tumor nodules

An overall tumor characterization was performed in tumor samples from
C57BI/6J kept on CDHFD for 12-months or on AXT switched-diet, by
measurement of tumor nodules size, by H&E staining and by IHC using the
HCC tumor marker Golgi protein 73 (GP73). Hepatocyte proliferation was
assessed by IHC with anti-Ki67 antibody and quantified by using five different
and independent areas randomly selected within the nodules. The tumor
incidence of therapeutic AXT treated mice was significantly reduced
compared to untreated CDHFD mice (fig. 18D). Although the average size of
the nodules did not show any significant difference among the aforementioned
two groups (fig.18E), the H&E staining revealed a difference in terms of lipid
accumulation, a feature that the tumors of CDHFD 12-month group had lost.
Furthermore, the GP73 staining showed reduced accumulation of GP73
protein in the cytoplasm of hepatocytes in the AXT+CDHFD group (fig. 18B).
Interestingly, hepatocytes' proliferation in the nodules of AXT+CDHFD was
significantly reduced compared to the CDHFD group (fig. 18F). Genomic copy
number alterations were characterized using array comparative genomic
hybridization: no differences with regard to the frequencies of copy number
alterations between the AXT and CDHFD (CTR) groups were identified (fig.
18G, H).
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Figure 18. Therapeutic Astaxanthin treatment at late stage reduces hepaticytes' proliferation in
tumor nodules

A) Representative H&E staining from tumor samples of CDHFD 12-months group and for late NASH
stage therapeutic AXT+CDHFD (CDHFD 6-months—AXT+CDHFD 6-months) group. B)
Immunohistochemical staining for tumor marker GP73. C) Ki67" representative immunochistochemical
staining for proliferative hepatocytes for 12-months CDHFD and therapeutic AXT-treated mice. D)
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AXT+CDHFD without tumor (NT) and with tumor (T) (n = 23 each). E) Measurements of size of tumor
nodules (n = 3). F) Quantification of Ki67" hepatocytes in nodules of the two groups (n = 3). G)
Frequency plots from aCGH analysis: in upper row is shown the frequency for chromosomal aberrations
of therapeutic CDOHFD 6m—AXT+CDHFD 6m tumor nodules (n=2); in the lower row is displayed the
frequency plot for CDHFD 12-months tumor nodules (n=7). The scale bar indicates 100 um. All data
were analyzed using two-tailed Student’s t test and are shown as mean + s.e.m, with statistical

significance displayed for p-values <0.05.

3.11 Liver proteomic analysis of putative candidates driving cancer in
NASH-affected mice

Using differentially expressed data from liver proteomic analysis, | have
developed an approach to identify common proteins from late NASH (6-
months), very advanced NASH (12-months) and tumor CDHFD-induced (12-
months), all versus ND group age-matched. The 6-months CDHFD fed mice
showed in total 2385 upregulated proteins when compared to 6-months ND
fed mice. Among them, 84 proteins were held in common with the
prophylactic 6-months BHA+CDHFD mice, and 9 proteins in common with the
prophylactic 6-months AXT+CDHFD group. Four proteins intersected among
the three groups (fig. 19A). The 12-months CDHFD fed mice groups, with or
without tumors, displayed 233 and 173 upregulated proteins, respectively (fig.
19B). They shared 74 proteins, which intersected with 2385 proteins of the 6-
month CDHFD group: the 41 proteins held in common were considered
putative cancer-driving proteins due to upregulated expression pattern over
time until tumor establishment (fig. 19C). Among these shared candidates,
proteins involved in cell metabolism, such as glycolysis, lipid metabolism,
mitochondrial DNA damage response and mitochondrial tetrahydrofolate
synthesis were identified. In addition, proteins associated with proliferation,
inflammation and fibrosis were detected. One candidate for antioxidant

response, glutathione synthetase, was found among the common proteins.
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Figure 19. Proteomic analysis of protein candidates involved in tumorigenesis over-time.

A) Venn diagram of up-regulated proteins from CDHFD vs. ND, BHA+CDHFD vs. ND and AXT+CDHFD
vs. ND comparisons of 6-months diet regiment. B) Venn diagram of up-regulated proteins from HCC
CDHFD-induced vs. ND and CDHFD vs. ND comparisons of 12-months diet regiment. C) Common
upregulated proteins among NASH-affected mice (6-months CDHFD vs. ND mice) and intersected
proteins from the Venn diagram with CDHFD 12-months with and without tumors. Relevant proteins for
metabolic pathways, inflammation and proliferation are displayed.
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3.12 Therapeutic astaxanthin at early NASH stage prevents NASH

exacerbation and decreases liver damage

| wanted to determine whether a therapeutic treatment at the beginning of
NASH development (early NASH stage or also borderline NAFL/NASH) could
potentially be more efficient with regard to cancer prevention. For this reason,
| kept C57BI/6J mice for 3-months on CDHFD, a time point in which we have
observed to be sufficient to induce borderline NASH (fig. 20H, 1), liver
damage (fig. 20J) and hepatic lipid accumulation (fig. 20K).

Afterwards, | switched the CDHFD to AXT+CDHFD and kept mice under this
feeding regimen for a period of 9-months, in which they continued to gain
weight, becoming obese (fig. 20A). The serum ALT systemic marker for liver
damage remained high, although significantly reduced compared to the
CDHFD 12-months group (fig. 20B). H&E staining revealed similar degree of
steatosis (fig. 20D) but significantly diminished NAS score (fig. 20E), thus
indicating that AXT-treated mice did not undergo exacerbation of NASH,
contrary to the CDHFD 12-months mice. Sudan red staining showed an
increase of hepatic lipid accumulation (fig. 20F, G), resembling the
aforementioned therapeutic treatment: this effect is probably due to the
vehicle (oleoresin) of AXT itself.
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Figure 20. Therapeutic AXT at early NASH stage ameliorates NASH and decreases liver damage

A) Monthly weight measurements in male C57Bl/6 J Ola Hsd ND, CDHFD and therapeutic
AXT+CDHFD mice (n = 9) for early stage NASH. B) Quantification of serum alanine transaminase (ALT)
and of free cholesterol (C) in male 12-month-old male mice on ND, CDHFD or therapeutic AXT+CDHFD
group (n = 7 each). D) H&E representative pictures demonstrating absence or presence of NASH of ND,
CDHFD or therapeutic AXT+CDHFD livers. E) NAFLD Activity Score (NAS) evaluated for the three
groups (n = 7 each). F) Sudan Red staining indicating hepatic fat accumulation in ND, CDHFD or
therapeutic AXT+CDHFD group. G) Quantification of total Sudan red positive area for the three groups
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(n = 3 each). H) H&E representative pictures demonstrating absence or presence of NASH in livers of
ND, CDHFD for 3-months diet regimen. 1) NAFLD score (NAS) evaluated for ND and CDHFD 3-months
groups (n = 7 each). J) Serological ALT measurements for ND and CDHFD 3-months groups (n = 11
each). K) Sudan Red staining of 3-months ND and CDHFD groups, with quantification on the right side
(n=3). Scale bar indicates 100 ym. All data were analyzed using two-tailed Student’s t test or with one-
way ANOVA with Turkey’s multiple comparison test and are shown as mean + s.e.m, with statistical

significance displayed for p-values <0.05.

3.13 Therapeutic astaxanthin administered at an early stage of NASH
diminished fibrosis, inflammation, hepatocyte proliferation and

protects from tumor development

Sirius red staining revealed that therapeutic AXT+CDHFD at early NASH
stages did not lead to hepatic fibrosis formation (fig. 21A). Hepatocyte
proliferation was significantly diminished compared to the CDHFD 12-month
groups (fig. 21B) as shown by Ki67 IHC. IHC staining revealed reduction of
CD3" cells (fig. 21C) and KCs (fig. 21D, E) in the AXT-treated mice.
Interestingly, this therapeutic approach at early NASH stages was capable of

preventing tumor development (fig. 21F).
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Figure 21. Therapeutic AXT at early NASH stage reduces fibrosis, infiltration of CD3+ cells,

macrophages, hepatocytes proliferation and prevents liver cancer

A) Representative Sirius red staining showing perisinusoidal fibrosis, with quantifications to the right for
the ND, CDHFD or therapeutic early NASH stage AXT+CDHFD group (n = 7). B) Representative
immunohistological staining for Ki67" hepatocytes with respective quantification in percentages of the
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right side for the three groups (n = 5), D) Histological representative pictures for CD3" T cells (n = 3),
plus quantification per mm? on the right side, for the three groups (n = 4). D) The myeloid compartment
was evaluated by IHC staining for MHCII" and (E) F4/80" cells with respective quantification per mm? on
the right side (MHCII: n = 3), (F4/80: n = 4). F) Graphical summary of individuals (in symbols) under 12-
months CDHFD or under therapeutic AXT+CDHFD without tumor (NT) and with tumor (T) (n = 9 each).
The scale bar represents 100um. All data were analyzed using two-tailed Student’s t test and are shown
as mean * s.e.m, with statistical significance displayed for p-values <0.05. For tumor incidence

comparisons was used the Exact-Fisher test, significant values showed for p-value < 0.05.

3.14 Changing CDHFD diet to normal diet at late NASH stages reverses

NASH and liver damage and reduces tumor development

Next, we wanted to assess whether switching CDHFD to normal diet (ND) at
6-months would reverse NASH phenotype and prevent cancer development.
The monthly weight measurements over time showed that switching to ND
after 6-months of CDHFD decreased the body weight gradually (fig. 22A).
IPGGT showed that the diet-switch group had normal glucose regulation (fig.
22B). Serum analysis for ALT and cholesterol showed similar values to the
control ND group (fig. 22C, D). From the H&E staining and NAS was
evaluated that the diet-switch reverses the NASH phenotype (fig. 22E). In
addition, the switched-diet mice did not show any sign of hepatic fibrosis, as
demonstrated by Sirius red staining, and upon ki67 IHC they displayed
significantly decreased hepatocyte proliferation when compared to the
CDHFD counterpart (fig. 22F, G). T cells were also significantly reduced in
number, reaching the same level of ND control (fig. 22H) as shown by CD3"
IHC. The tumor incidence in the diet-switch group showed a trend towards

decrease, when compared to the 12-months CDHFD fed mice (fig. 22I).
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Figure 22. Switching CDHFD diet with normal diet at late NASH stage reverses NASH and
reduces liver damage and tumor development

A) Monthly weight measurements in male C57BI/6 J Ola Hsd ND, CDHFD and diet-switch ND mice (n =
15) for late stage NASH (6-months diet-switch). B) Glucose tolerance test achieved with 12-month-old
male mice on ND, CDHFD or diet-switch ND group (n = 3 each). C) Quantification of serum alanine

transaminase (ALT) and of free cholesterol (D) in male 12-month-old male mice on ND, CDHFD or diet-

switch ND group (n = 3 each). E) H&E representative pictures demonstrating absence or presence of
NASH of ND, CDHFD or diet-switch ND livers. NAFLD Activity Score (NAS) (on right side) is evaluated
for the three groups (n = 3 each). F) Representative Sirius red staining showing perisinusoidal fibrosis,
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with quantifications to the right for the ND, CDHFD or diet-switch ND group (n = 3 each) for late NASH
stage. G) Representative immunohistological staining for Ki67" hepatocytes with respective
quantification in percentages of the right side for the three groups (n = 3). H) Histological representative
pictures for CD3" T cells (n = 3), plus quantification per mm? on the right side, for the three groups (n 2
3). 1) Graphical summary of individuals (in symbols) under 12-months CDHFD or under diet-switch ND
without tumor (NT) and with tumor (T) (n = 12 each). Scale bar indicates 100 um. All data were analyzed
using two-tailed Student’s t test or with one-way ANOVA with Turkey’s multiple comparison test and are
shown as mean * s.e.m, with statistical significance displayed for p-values <0.05. For tumor incidence

comparisons was used the Exact-Fisher test, significant values showed for p-value < 0.05.

3.15 Changing CDHFD to normal diet at very late NASH stage reverses
NASH and reduces cancer incidence, but does not significantly

reduce fibrosis

The diet switch with normal diet was also performed at very late-stage NASH
(9-months), to verify if that time point would be the point of no-return for
reduced cancer incidence in NASH-affected mice. From the monthly weight
measurements over time it was determined that switching the diet to ND after
9-months of CDHFD decreased the body weight gradually until a weight in
between of CDHFD and ND fed mice (fig. 23A). ALT and cholesterol serum
analysis revealed very similar values to the control ND group (fig. 23B, C).
H&E staining and NAS evaluation demonstrated that the diet-switch reverses
the NASH phenotype (fig. 23E). The diet-switch group displayed reduced
fibrosis with respect to CDHFD 18 months mice, although this was not
significant (fig. 23F). IHC for Ki67 showed a strong reduction in hepatocyte
proliferation compared to 18-months CDHFD mice (fig. 23G). The diet switch
group showed, based on IHC for CD3, that T cells were reduced in number
compared to the CDHFD group (fig. 23H). Regarding the tumor incidence, the
diet-switch group showed a significant decrease compared to the 18-month
CDHFD fed mice (fig. 23I). In terms of percentage, this tumor incidence
appears to be very similar to the cancer incidence in diet-switch group 6-
months CDHFD—6-months ND compared to 12-months CDHFD fed mice
(fig. 23J).
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Figure 23. Switching diet with normal diet at very late NASH stage reverses NASH and liver
damage and reduces cancer incidence but not fibrosis

A) Monthly weight measurements in male C57BI/6 J Ola Hsd ND, CDHFD and diet-switch ND mice (n =
15) for very late stage NASH (9-months diet-switch). B) Quantification of serum alanine transaminase
(ALT), free cholesterol (C) and LDL/HDL (in percentage) ratio (D) in male 12-month-old male mice on
ND, CDHFD or diet-switch ND group (n = 3 each). E) H&E representative pictures demonstrating
absence or presence of NASH of ND, CDHFD or diet-switch ND livers. NAFLD Activity Score (NAS) (on
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right side) is evaluated for the three groups (n = 3 each). F) Representative Sirius red staining showing
perisinusoidal fibrosis, with quantifications to the right for the ND, CDHFD or diet-switch ND group (n = 4
each) for late NASH stage. G) Representative immunohistological staining for Ki67" hepatocytes with
respective quantification in percentages of the right side for the three groups (n = 3). H) Histological
representative pictures for CD3" T cells (n = 3), plus quantification per mm? on the right side, for the
three groups (n = 3). I) Graphical summary of individuals (in symbols) under 12-months CDHFD or
under diet-switch ND without tumor (NT) and with tumor (T) (h = 12 each). J) Graphical summary of
individuals (in symbols) under 18-months CDHFD or under diet-switch ND without tumor (NT) and with
tumor (T) (n = 17 each) K) Percentages of tumor incidences for time points of 12-months and of 18-
months. Scale bar indicates 100 uym. All data were analyzed using two-tailed Student’s t test or with
one-way ANOVA with Turkey’s multiple comparison test and are shown as mean * s.e.m, with statistical
significance displayed for p-values <0.05. For tumor incidence comparisons was used the Exact-Fisher

test, significant values showed for p-value < 0.05.

3.16 Serum proteomic analysis identifies potential serological

biomarkers for early detection of NASH-induced HCC

We performed mass spectrometry analysis on serum samples collected over
time from NASH and HCC-affected mice. Prior to mass spectrometry analysis
| have applied a depletion protocol for the most abundant proteins in serum,
such as albumin and IgG, which could interfere with the detection of less
abundant proteins. Serum was collected over time at 4-, 6-, 9- and 12-months
from CDHFD and ND fed mice (fig. 24A). For the analysis, CDHFD fed mice
were compared with their age-matched ND group. Venn diagrams were used
to identify common proteins among the CDHFD fed mice that develop tumors
and those that did not (fig. 24B).
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Figure 24. Serum proteomic analysis for liver cancer early biomarker identification in
NASH-affected mice

A) Venn diagrams showing over-time upregulated proteins among CDHFD fed mice against

their age-matched ND group. B) Heatmap representing 12 common upregulated proteins

among tumor-developing mice (with asterisk) and NASH-affected mice without tumor,

compared versus age-matched ND group. Grey color indicates not significant difference.
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3.17 Suitability of human iCCA MSI-processed RNA samples for RNA

sequencing

In order to characterize of inter- and intra-tumor heterogeneity in human iCCA
human samples we aimed to adopt spatially resolved mass-spectrometry
imaging (MALDI-MSI) metabolomics with RNA-sequencing transcriptomic
analysis in combination with available clinical data (fig. 25M, N, O, P). In a
first step MALDI MSI was performed on FFPE tumor sections mounted on
conductive ITO-slides (fig. 25A, B). A consecutive H&E section was used to
annotate tumor areas, defined as regions-of-interest (ROIs) (fig. 25C), which
were co-registered with the MALDI-MSI images for subsequent clustering of
ROIs. The limitation of only using H&E histopathological evaluation is the
difficulty to determine potential heterogeneity among iCCA tissues (fig. 26A).
The spatial clustering of MALDI MSI profiles was performed with a k of 5,
resulting in 5 clusters. This number was chosen since has provided a
meaningful tradeoff between the size of clustered regions (ROIs) and the
heterogeneity between clusters (fig. 25D, fig. 26B). The obtained clusters
were manually dissected after laser-burning the boundaries (fig. 25E, F). The
dissected areas from the same clusters were pooled and subsequently
subjected to RNA extraction, using a protocol optimized for low-quality RNA
(fig. 25G). Sufficient amounts of RNA with suitable quality for subsequent
library generation for QuantSeq 3' mMRNA sequencing were obtained from all
clusters from all samples. The RNA integrity determined by DV after
calculation from Bioanalyzer capillary electrofluorograms, showed that every
sample contained at least 20% RNA fragments with a size > 200 nucleotides
(fig.25H, I; fig.26C, D). The RNA integrity of all extracted RNA samples was

appropriate to generate the library necessary for the subsequent sequencing.
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Figure 25. Workflow for RNA extraction of different metabolomics clusters based on MSI.
Black framed boxes indicate performed procedures. Orange frame boxes show the next

following steps for data analysis and data integration.
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Figure 26. A) Representative H&E staining of iCCA samples with more than one identified
cluster. B) Images of MSI-processed samples (n=12) indicating different clusters (k=5)
identified with SCILS Lab 2019b software. C) Bioanalyzer profile of representative extracted
RNA, indicating sample integrity with DVa (blue dotted line). D) Table with extracted RNA
from different clusters from each sample, with yield, RNA concentration, and RNA quality
(RIN and DVyq values).
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Discussion

There is wide evidence linking oxidative stress with chronic inflammatory
diseases and with cancer development (Reuter et al., 2010). Oxidative stress
is established when the net production of radical species (ROS or RNS) and
reactive metabolites exceeds the amount that the endogenous antioxidant
systems are able to eliminate. Various factors can contribute to such an
imbalance: viral infection, smoking, alcohol abuse, exposure to hepatotoxic
agents (e.g. Aflatoxin B1) and high caloric/high lipids diets, can generate
conditions that induce oxidative stress (Cichoz-Lach and Michalak, 2014). The
major sources of ROS are mitochondria, ER, peroxisomes and detoxification
enzymes (e.g. CYP2E1). It is well-understood that dysregulation of these
organelles or enzyme functions can induce oxidative stress. In NASH, the
continuous hepatic lipid overload first augments the mitochondrial 3-oxidation
to catabolize the lipid excess, but eventually results in ATP depletion and
apoptosis. Free fatty acids induce lipotoxicity, not only affecting mitochondria
but also inducing ER stress and subsequent activation of de novo lipogenesis,
inflammation and execution of different types of cell death (Boege et al., 2017,
Lebeaupin et al., 2018). Oxidative stress is also intimately related to cancer
development, since ROS generate oxidized lipids: their by-products can
attack proteins and generate DNA adducts. These processes favor mutations,
DNA repair defects, and proliferation that eventually lead to the transformation
into malignant hepatocytes (Maeda et al., 2015). In established HCC as well,
levels of oxidative damage are associated with cancer recurrences and

metastasis (Liu et al., 2017).

The use of antioxidants in combination with CDHFD helped to understand to
what extent oxidative stress is contributing to the induction and progression of
NASH and subsequent HCC.

In prophylactic treatment with BHA supplementation we observed complete
prevention of steatosis, NASH (fig. 9E, F), fibrosis (fig. 10A), activation of
CD8" T cells (fig. 10F), and infiltration of KCs and macrophage infiltration (fig.
10G, H). Hepatocyte proliferation instead only showed a trend towards a
decrease (fig.10B).
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The natural antioxidant astaxanthin (AXT) added to the CDHFD was not able
to prevent obesity or liver steatosis but prevented the development of NASH
in 50% of the treated mice, and the other half of treated mice showed mild
NASH and decreased liver damage (fig. 11A, C, E, F, G, H). AXT completely
prevented fibrosis (fig. 12A), immune cell activation and infiltration (fig. 12C,

D, E, F, G), and significantly reduced hepatocyte proliferation (fig. 12B).

Proteomic analysis revealed very similar profiles for the two prophylactic
treatments, except for the expression of NRF2 and some of its target proteins
(e.g. NQO1, CBR3), which we observed to be highly upregulated in
BHA+CDHFD fed mice (fig. 13D).

These results in the prophylactically BHA-treated mice are in agreement with
the literature (Dassarma et al., 2018), which indicates BHA as an inducer of
NRF2 and of its target genes. The prevention of obesity in BHA mice might be
a result of NRF2 activation, and could also be responsible the strong up-
regulation of NQOL1. In a study adopting NQO1” mice it was shown that the
liver accumulated triglycerides and mice suffered from insulin resistance
(Gaikwad et al., 2001).

Although the role of NQO1 is less known with regard to lipid metabolism, it is
generally understood that NRF2 can activate target proteins involved in lipid
catabolism (Hayes et al., 2014; Kay et al., 2011). In our prophylactically BHA-
treated mice, we observed a down-regulation of ACC2 (Acacb) (fig. 13B), a
protein responsible for fatty acid synthesis. Similarly, treatment with an
inducer of NRF2, CDDO-Imidazolide reduced expression of Acacbh mRNA
(Shin et al., 2009). In NASH-affected mice, NRF2 was down-regulated (fig.
13D). NRF2 expression is progressively reduced also in the process of aging
(Hayes et al., 2014), perhaps suggesting that oxidative stress detrimental

effects can impair protective mechanisms over time.

In contrast to the prophylactic BHA-supplemented CDHFD treatment, mice
under AXT supplementation were obese, probably due to the upregulation of
the protein PNPLAS (also called iPLAy), similar to CDHFD fed mice (data not

shown). Consistent with these findings, a mouse model with depleted
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PNPLAS8 showed resistance to high fat diet-induced weight gain (Mancuso et
al., 2010).

During the early stage of NASH, the lipid overload induces increased activity
of B-oxidation of FAs, which consumes a considerable amount of oxygen. In
addition, hepatic sinusoids are constricted due to fat-laden hepatocytes and
this can prevent the exchange of substrates and favor the development of
hypoxia (Suzuki et al., 2014). In our CDHFD model, we observed upregulation
of hypoxia protein 1 (HYOUL1), but not in prophylactic antioxidant treatments
(fig. 13F). It is known that the high-fat diet induces dysregulation of hepatic
oxygen gradients and mitochondrial function. The hypoxic state of the liver is
associated with an increased number of proteins modified by oxidative stress
(Mantena et al., 2009). Furthermore, hypoxia is linked to increased ROS

production and to HCC aggressiveness (Liu et al., 2017).

In NASH mice under CDHFD for 6-months, we could see up-regulated
(compared to normal diet mice) proteins belonging to the following pathways,
which were not activated in antioxidant treatments (fig. 13B, C, D, E, F):
inflammation (e.g. NFKB1, STAT1/3, RELA, PIK3AP1, IL-6st, MAPKS);
inflammatory cascades (enzymes producing eicosanoids); macrophage
activation (e.g. CD36, MRC1, MYD88, MPEG1), proliferation (e.g. RRAS,
CTNNB1, MYCBP); apoptosis (e.g. BCL2L13, TRADD, FADD, CASPS8, BID,
SUMOZ2/3, cytochrome c); DNA damage (e.g. RPA1, DDB1); ER stress (e.g.
ElIF2a, ERO1L, ERO1LB, TRAP1); fibrosis (e.g. desmin, lumican, galectin);
lipogenesis (e.g. ChREBP, ACC1/2, FASN, ACLY), lipid peroxidation (e.qg.
CYP2E1, AOX, XDH) and tumor-related proteins (e.g. YAP1, HDGF, HGS,
GLUL, APOB, HYOUL1).

Although these results provide a strong indication of an involvement of the
pathways indicated above, further analytical assays and functional tests are
required.

Lipotoxicity is the initial step in driving hepatocellular damage, and |
hypothesize that antioxidants can potentially prevent this process since ER

stress, apoptosis and typical enzymes which produce ROS and lipid
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peroxidation products were not differentially expressed at the protein level

when compared to normal diet mice (fig. 13).

The experiments with AXT indicate that most likely the lipids per se are not
toxic, but become toxic in the context of oxidative stress. Oxidized LDLs can
induce inflammation via CD36 scavenger receptor of macrophages, but non-
oxidized LDLs are instead internalized by hepatocytes through the LDL
receptor and not via CD36 (van de Sluis et al., 2017). Further proof of the
pathogenic nature of oxLDL is the observation that high oxLDL levels
correlate with severity of NAFLD in lean NAFL-affected patients (Ampuero et
al., 2016).

Among the products of lipid peroxidation, there are oxidized forms of
cholesterol which can be part of oxLDL (Levitan et al., 2010). Interestingly, in
a cholesterol-based NASH-induced HCC model it was found that oxysterol
pathway genes were dysregulated and that major cholesterol metabolites (27-
hydroxycholesterol and 6-oxocholestan-3beta,5alpha-diol) had tumor-
promoting properties (Liang et al., 2018). This suggests that counteracting
oxidative stress might prevent the need to increase proteins involved in
internalization (CD36) and metabolism (CYP2E1) of oxidized lipids, including
oxidized forms of cholesterol.

To test this hypothesis, in future studies we might use CDHFD or western diet
(containing high-fat, cholesterol and fructose) feeding regimen on mice having

the ablation of CD36 in macrophages and/or in hepatocytes.

Prophylactically, antioxidant-treated mice showed a significant decrease in
KCs and infiltrating macrophages in the liver compared to NASH-affected
mice (fig. 10G, H; fig. 12G, H). The expression of CD36 and oxysterol-
binding proteins was completely abrogated in prophylactic AXT+CDHFD (fig.
13D). Whereas in livers of prophylactic BHA+CDHFD fed mice CD36 and the
oxysterol-binding proteins (except for Osbpl3) were significantly reduced
compared to CDHFD (fig. 13D). Several studies, especially those that
focused on atherosclerosis and NASH, support the link between oxLDL and
macrophage activation. OxLDLs not only upregulate levels of CD36, but also

favor IL-6 release and activate NF-kB (Nickel et al., 2009). In the context of
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NASH, the deletion in monocytes of CD36 and another scavenger receptor
termed MRSR1 (Macrophage Scavenger Receptor 1) ameliorates hepatic
inflammation, fibrosis and augments production of natural antibodies against
oxLDL (Bieghs et al., 2010). Furthermore, murine bone marrow-derived

macrophages (BMDM) upregulate CD36 after treatment with oxLDLs. Human

macrophages derived from CD14* monocytes also upregulate CD36 following
stimulation with oxLDL (McGettigan et al., 2019). Hepatic inflammation is
triggered by recognition of oxLDLs by KCs, something demonstrated by
Bieghs and collaborators using immunization with pneumococci (Bieghs et al.,
2012). Interestingly, CD36 seems to play a role also in enhancing
susceptibility to nonalcoholic fatty liver disease during aging, but in this
context the hepatocytes mainly express the receptor (Sheedfar et al., 2014).
In some studies on atherosclerosis, it was observed that the antioxidant
vitamin E could prevent atherosclerotic lesions induced by cholesterol and
avoid the upregulation of CD36 (Ozer et al.,, 2006; Ricciarelli et al., 2000).
Another antioxidant, quercentin, reduced levels of oxLDL and of the uptake of
LDL in the liver via down-regulation of CD36 and increased autophagic
degradation of oxLDL in an NAFLD model fed with HFD (Liu et al., 2015). In
the context of atherosclerosis, astaxanthin could prove efficacy in preventing
oxidation of LDL (Gaut et al., 2001; lwamoto et al., 2000), in addition to
reduce LDL levels and decreasing toxic lipid peroxidation products, such as
MDA and isoprostane (Choi et al., 2011a).

lwamoto and collaborators have shown in 24 volunteers that astaxanthin can
protect plasma LDL against oxidative attack, and LDL oxidation was induced
by 2,2-azobis-4-methoxy-2,4-dimethylvaleronitrile  (AMVN-CH3O) in vitro
(lIwamoto et al.,2000).

Astaxanthin treatment in overweight and obese patients lowers oxidative
stress and levels of LDL, APOB and APOE (Choi 2011b). In our NASH model
we observed that APOB and APOE levels were increased, in contrast to the

prophylactic antioxidant treatments (fig. 13D).

Of note, after stimulation of macrophages by oxLDL, isoprostane and

prostaglandins derived from arachidonic acid, dihomo-gamma-linoleic and
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eicosapentaenoic acid, are strongly induced in atherosclerosis (Lara-Guzman
et al., 2018). In our NASH model treated with CDHFD, but not in antioxidant-
supplemented CDHFD, we saw the upregulation of proteins involved in the
production of prostaglandins and leukotriene LTB4 and in the production of
bioactive lipid species as ceramide and arachidonic acid (fig. 13D). In
particular, ceramide is associated with NASH mitochondrial damage (by
inactivating ETC complexes Il and IV, augmenting ROS production, and
increasing membrane permeability), thus inducing apoptosis. Furthermore,
ceramide triggers the activation of NF-kB and SREBP1/2 and the release of
pro-inflammatory cytokines and the stimulation of de novo lipogenesis,
respectively (Musso et al, 2018). Regarding proteins producing
prostaglandins, we observed upregulation in CDHFD fed mice of epi-PGF2a-
producing enzymes (15-hydroxyprostaglandin dehydrogenase [NAD(+)]
(HPGD), Prostaglandin E synthase 2 (PTGESZ2)). Epi-PGF2a is secreted by
macrophages and is known to be an inducer of inflammation and proliferation
(Wang and Dubois, 2010).

The scavenger receptor CD36 has been shown to stimulate proliferation of
ovarian carcinoma cells by oxLDL (Scoles et al., 2010), suggesting an
important aspect of CD36 activation not only for inflammation but also for the

typical behavior of transformed cells to proliferate.

In several studies, it has been reported that induction of hepatoxicity, for
example in a CCl, model, is sufficient to induce oxidative stress, following lipid
peroxidation and further modifications in DNA and proteins. Furthermore, CCl,4
treatment induced instability of hepatocyte membranes. The addition of a
high-fat diet or Western diet to CCl, treatment exacerbates hepatoxicity,
leading from NAFL to NASH with fibrosis firstly, and eventually to HCC
(Tsuchida et al., 2018; Owada et al., 2018). Some studies have revealed that
astaxanthin treatment not only prevented lipid peroxidation but also
ameliorated hepatic injury and fibrosis in a CCls-induced NAFLD model (Islam
et al., 2017; Kang et al., 2001).

In NASH models, the administration of vitamin E (Pickett-Blakely et al., 2018)
or of astaxanthin could reduce MDA formation by diminishing lipid
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peroxidation (Ni et al., 2015). Further evaluation with the TBARS
(Thiobarbituric Acid Reactive Substances) assay, which detects the level of
the lipid peroxidation product malondialdehyde, is needed to estimate
whereas this is also the case in our CDHFD model.

A major contributor to lipid peroxidation during NASH pathogenesis is
CYP2EL. This enzyme exerts high oxidase activity for the detoxification of
PUFAs, ethanol and drugs. This process leads to high production of ROS
(hydrogen peroxide, hydroxyl radical, and superoxide anion (Abdelmegeed et
al., 2017). CYP2EL1 is increased in the liver of patients with NASH, compared
with livers from healthy subjects (Weltman et al., 1998). In our prophylactic
antioxidant treatments, CYP2E1 was not up-regulated, instead it did show

upregulation in NASH-affected mice (fig. 13D).

Therefore, we can hypothesize that in the absence of lipotoxicity and lipid
peroxidation, the activation of pro-inflammatory pathways, cell death and
compensatory proliferation should not occur. In order to assess this, we
should implement our data on the hepatocyte’s proliferation with the
evaluation of cell death markers for apoptosis and necroptosis, beyond to

perform the aforementioned assay for lipid peroxidation quantification.

Notably, in the context of oxidative stress, NASH and NASH-induced HCC,
mitochondrial dysfunction is crucial for the pathogenesis (Mansouri et al.,
2018). We observed from the proteomic analysis that the prophylactic
antioxidant treatments prevented the upregulation of the apoptotic pathway
(fig. 13C). The proteomic analysis not only revealed upregulated proteins in
NASH-affected mice for extrinsic apoptosis but also for intrinsic apoptosis,
which is indicated by upregulation of BCL2L13 and AIFM1 (fig. 13C).

Several studies affirmed that mitochondrial damage is associated with the
transition from NAFLD to subsequent NASH, since mitochondria are the major
producers and targets of ROS, modifying mitochondrial DNA, proteins and
membrane lipids (Schroder et al., 2016; Taliento et al., 2019).

An important mitochondrial protein, called NAD(P)-transhydrogenase (NNT)
which catalyzes the production of NADPH necessary for the functioning of
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antioxidant enzymes, was highly downregulated in our CDHFD 6-months fed
mice, but not in the supplemented diet with antioxidants (fig. 13D). Navarro at
al. demonstrated that NNT deficiency in high fat diet-fed mice leads to redox
imbalance, higher susceptibility to permeability transition pore opening, and
this favors the exacerbation to NAFLD toward NASH (Navarro et al., 2017).

An impaired electron chain transport activity lowers the mitochondrial formate
production, inducing an adaptive response to increase both one-carbon (1C)
donors and mitochondrial 1C metabolic enzymes. In a model of mitochondrial
myopathy induced by mutation of the mitochondrial DNA helicase TWINKLE,
the reduced levels of formate and derivatives triggered increased expression
of mitochondrial folate 1C enzymes (MTHFD2 and MTHFD1L) (Nikkanen et
al., 2016).

We have seen in our NASH model that not only at 6- and 12-months’ time
points, but in HCC as well MTHFDI1L is upregulated, compared to healthy
livers from age-matched mice (fig. 19C). Indeed, it was recently published
that MTHFD1L confers metabolic advantages for HCC growth and
proliferation (Lee et al., 2017). MTHFDLL, a pivotal enzyme of the folate cycle
localized to the mitochondria, is often overexpressed in cancers and allows
cancer cells to survive oxidative stress-inducing apoptosis. The knockdown or
knockout of MTHFDI1L or the use of a folate analog inhibits growth of cancer
cells, further sensitizing them to sorafenib treatment. Overexpressed
MTHFDL1L is also present in half of HCC patients and is correlated with tumor
aggressiveness and lower overall survival rates (Lee et al., 2017; Bidkhori et
al., 2018).

Together with MTHFDLL, a protein we observed to be overexpressed among
NASH and HCC samples was glutathione synthetase (GSS) (fig. 19C). Under
conditions of intense oxidative stress, hepatic glutathione synthesis is
increased in an attempt to prevent cell death driven by oxidative damage (De
Matteis et al., 2018).

In obese patients with NAFLD, a low-carbohydrate diet (for 7 days) could
increase all genes involved in the folate cycle, except for MTHFD1L which is
decreased, together with APOA2 (Mardinoglu et al., 2018). In our NASH and
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HCC model we could observe upregulation of the protein homolog APOA4
(fig. 13F). APOAA4 is associated with NAFLD (Cazanave et al., 2017) and
cholangiocarcinoma (Padden et al., 2016).

NASH-affected mice most likely attempted to contain the levels of ROS by
upregulating antioxidant enzymes (fig. 13D), and this confers to the cells a
sub-lethal intermediate production of ROS that favors cancer progression. In
the case of increased ROS production above the sub-lethal threshold, cancer
cells can upregulate antioxidant pathways, in order to protect themselves and
to metastasize (Piskounova et al., 2015). Consistent with this idea, in our
NASH and in NASH-HCC mice, glutathione synthetase was upregulated (fig.
19C).

Proliferation is a crucial factor for the development of the foci of pre-neoplastic
lesions, as shown by experiments using choline-deficient diet or CCl, plus

acetylaminofluorene (Columbano et al., 1980).

We could show that prophylactic and therapeutic AXT (switch at 3-months
and switch at 6-months) significantly reduced hepatocyte proliferation (fig.
21B and fig. 17B, respectively). Even in nodules derived from therapeutic
AXT+CDHFD livers 6-months switch time point, despite being of similar size
to control nodules of CD-HFD 12 months fed mice, we could observe
significantly reduced proliferation of hepatocytes (fig. 18F).

An interesting protein indicator of proliferation, upregulated at both CDHFD 6-
and 12-months only for CDHFD fed mice, was PARP10 (fig. 13F), also
termed ADP-ribosyltransferase. This protein interacts with the replication
protein proliferating cell nuclear antigen and allows the bypass of DNA lesions
by recruiting specialized, non-replicative DNA polymerases (Schleicher et al.,
2018). The activity of PARP10 is linked to NAD+ depletion and mitochondrial
dysfunction in NASH (Gariani et al., 2017). Interestingly, silencing PARP10
decreases mitochondrial superoxide production and, in parallel, increases the
expression of antioxidant genes and fatty acid oxidation (Marton et al., 2018).
The adoption of PARP inhibitors in NAFLD can reduce ROS production, ER
stress, fibrosis, and hepatic injury. In addition, PARP inhibitors increase

mitochondrial biogenesis and (3-oxidation (Gariani et al., 2017).
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Cell proliferation is a process that requires a rapid supply of nutrients. During
this process, typical of tumor cells, the cell shifts its metabolism into aerobic
glycolysis, also called “Warburg effect”, in which the final metabolism of
glucose is lactate (DeBerardinis et al., 2008). This shift happens due the
impaired oxidative metabolism of mitochondria, and the glycolytic flux appears
to be a compensatory mechanism. In our NASH model | could observe an
increase of glycolytic genes, contrary to the antioxidant-treated mice (fig.
13F).

Intriguingly, key glycolytic enzymes such as hexokinase 2 (HK2), aldolase A
(ALDOA), and pyruvate kinase M2 (PKM2) may represent potential HCC
markers and molecular targets for early detection and chemoprevention (Lee
et al., 2018). Another study based on integrative analysis of human databases
and validation in a DEN-induced HCC model demonstrated that upregulated

glycolysis is linked to HCC aggressiveness (Benfeitas et al., 2019).

An inflamed hepatic microenvironment is necessary to establish pre-
neoplastic lesion and then cancer. Indeed, He and collaborators
demonstrated the crucial role of a pro-inflammatory microenvironment for the
development of HCC starting from HCC progenitor cells (HcPCs). HcPCs lead
to cancer only when introduced into a liver undergoing chronic damage and
compensatory proliferation, such as a liver treated with CCl, or MUP-uPA
mice (He et al., 2013). It was demonstrated that paracrine IL-6 production
(plus other pro-inflammatory cytokines, such as TNF-a) by KCs and
macrophages, in addition to cytokines produced by HcPCs, was essential for
the development and progression of HCC (since also tumor cells display IL-6
expression). Furthermore, they could show that the pre-neoplastic lesions
were enriched with F4/80" macrophages and several cells expressed YAP,
STAT3, c-Jun and PCNA. In addition, it was demonstrated that CYP2EL1 plays
an important role in hepatocellular damage since CYP2E1 KO mice were
refractory to DEN (He et al., 2013).

Our CDHFD NASH model similarly displayed upregulation at the protein level
of IL-6 receptor (fig. 13E), YAP (fig. 13F), CYP2EL1 (fig. 13D) and increased
proliferation (fig. 13F) with respect to the normal diet mice.
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Antioxidant treatments with BHA or with AXT in combination with CDHFD
brought all the above proteins back to normal levels (fig. 13) and inhibited
hepatocyte proliferation, particularly in the AXT treatment (fig. 12B; fig. 17B;
fig. 13F). Furthermore, in prophylactically treated mice we had indications of
prevention of DNA damage, as shown by the absence of upregulation of

proteins involved in DNA repair mechanisms (fig. 13D).

In NASH-affected mice 6 months on CDHFD, we identified protein candidates
linked to tumorigenesis that were absent in livers from prophylactic antioxidant
supplemented diet fed mice (fig. 13F). This included hepatoma-derived
growth factor (HDGF) (Min et al., 2018), hepatocyte growth factor regulator
(HGS) (Ogunwobi and Liu, 2011) and glutamine synthetase (GLUL) (Hale et
al., 2016), APOB (Yan et al., 2019) and SQSTM1 (Umemura et al., 2016).
Interestingly, in the fatty liver Shionogi (FLS) mouse model, mice
spontaneously develop steatosis without obesity, and the expression of
hepatoma-derived growth factor was found to be gradually increased even
before hepatocarcinogenesis (Yoshida et al., 2003). HDGF was also reported
to be a prognostic factor for HCC (Yoshida et al., 2006).

By applying the therapeutic treatments, | aimed to assess whether
supplementing the CDHFD mice at late-stage NASH (6 months) or at early-
stage NASH (3 months) with BHA or AXT we could, respectively, reverse or
ameliorate  NASH and therefore reduce cancer incidence. The BHA
therapeutic treatment CDHFD 6m—BHA+CDHFD 6m reversed NASH and
abrogated obesity, liver damage, inflammation and fibrosis (fig. 14; fig. 15).
BHA treatment induced a trend of decrease in hepatocyte proliferation and
significantly decreased tumor incidence (fig. 15B, 1). The CDHFD
3m—BHA+CDHFD 9m treatment led instead to high tumor incidence (75%)
(data not shown), probably due to the long-term treatment with BHA. It has
been reported that high BHA dosage administration or long-term consumption
can induce cancer, in particular gastric cancer (Kahl and Kappus, 1993).

Therapeutic astaxanthin CDHFD 6m—AXT+CDHFD 6m was not able to
reverse NASH and liver damage but it reduced NAS score, fibrosis,

proliferation and inflammation (fig. 16; fig. 17). FACS data revealed that
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activated CD8" cells were not reduced compared to the CDHFD control (fig.
17F). The cancer incidence in AXT treated mice was significantly decreased
(fig. 18D).

Switching the diet at early-stage NASH (3-months CDHFD) significantly
reduced liver damage and NAS score (fig. 20B, E), together with hepatic
fibrosis, inflammation and proliferation (fig. 21A, B, C, D, E). Most notably,
the mice did not display any tumor (fig. 21F).

From our proteomic data, we tried to identify putative candidates for
tumorigenesis intersecting significantly hepatic upregulated proteins (versus
normal diet) of NASH (6- and 12-months under CDHFD diet) together with
HCC affected mice. We observed that, in addition to the glycolysis markers
discussed above, other proteins held in common were oxysterol-binding
protein-like 3 (Osbpl3), macrophage expressed 1 (MPEG1, also called
perforin 2) and the mitochondrial MTHFD1L (fig. 19C). Further tests are
required to validate these candidates. Specifically, these proteins are worthy
of being further investigated since they link metabolic reprogramming (aerobic
glycolysis) with mitochondrial activity, oxidized cholesterol pathway and

activation of macrophages for tumor development and maintenance.

In addition to the therapeutic antioxidant treatment, the diet-switch
experiments with normal diet in late NASH stages (6- or 9-months) further
confirmed the importance of the pro-inflammatory liver microenvironment,
most likely attributable to the presence of free fatty acids in combination with
oxidative stress that modifies them. Supporting the hypothesis of the crucial
role of the pro-inflammatory liver microenvironment is the aforementioned
study of He and collaborators (He et al., 2013). Our mice under ND-diet-
switch showed reduced liver damage, inflammation and proliferation (fig. 22C,
G, H), and most importantly, they displayed reduced liver cancer incidence
(fig. 22I). Switching the diet at later NASH stages (9-months) we observed
almost the same cancer incidence compared to the 6-months diet-switch (fig.
23J), and from this we can assume that the crucial time point at which the
preconditions for cancer development are met before 6-months, as predicted
by the two AXT therapeutic treatments at early- or late-stage NASH.
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In an attempt to find biomarkers for early NASH-induced HCC detection, we
performed a proteomic analysis of serum taken over time from NASH and
NASH-tumor-bearing mice: there were identified 12 upregulated proteins from
NASH stage until established HCC (fig. 24A, B). Of the identified twelve over-
represented proteins, the glycolytic enzyme Aldehyde Dehydrogenase 9
Family Member Al (ALDH9A1) is particularly interesting as a potential
biomarker for early liver cancer detection, since it started to be upregulated in
6-months CDHFD fed mice that will develop tumor (fig. 24B). This enzyme
was also found to be upregulated, together with aldolase B (ALDOB), in livers
of HCC-affected patients, associated with a strong Warburg effect, hypoxia
and poor survival (Bidkhori et al., 2018). In order to significantly lower the risk
for HCC development, the change of lifestyle for a chronically obese patient
should occur around the age of 35 years old, being comparable to the mouse

age of 6 months.

Tumor heterogeneity is one of the hardest challenges when it comes to
effective cancer therapy (Dagogo-Jack and Shaw, 2017). Especially for iCCA,
the complexity of the genetic landscape makes this type of tumor difficult to
treat, with a very dismal prognosis for affected patients (Hyder et al., 2013).
Furthermore, a more comprehensive study of the iCCA is needed in order to
be able to better stratify patients and to choose the most effective

personalized therapy.

For an additional project within the doctoral studies, were performed the first
steps towards a comprehensive transcriptomic characterization of the inter-
and intra-tumor heterogeneity of human iCCA tissue samples. For this, it was
applied spatially resolved mass-spectrometry imaging of formalin-fixed iCCA
tissue slides at the metabolome level in order to identify heterogeneous
regions within and across tissue sections. The resulting heterogeneity clusters
were successfully subjected to RNA extraction after an optimizing the protocol
for the use on low RNA quality from low amounts of input material (fig. 25;
fig. 26). The assumed heterogeneity of ICCA tissues was confirmed by the
presence of five different metabolite expression clusters distributed across the
tissue slides. The identification of heterogeneity among each sample it was

something not achievable with only histopathological observation. For the next
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step, the already successfully generated RNA-sequencing libraries will be
sequenced and the resulting transcriptomic profiles analyzed and integrated
with the MSI-metabolomics data. The multi-level data set will be associated
with histopathological and clinical data in order to characterize the molecular
features of the heterogeneous cluster-regions and possibly to identify

potential prognostic markers.

In summary, we can conclude that prophylactic and therapeutic
supplementation of BHA can prevent or reverse steatosis, inflammation and
fibrosis. Similarly, AXT supplementation, for both prophylactic and therapeutic
treatments, ameliorates NASH and also reverses inflammation and fibrosis,
with the difference that the mice were obese and yet surprisingly still
displayed significantly less proliferation compared to CDHFD and
BHA+CDHFD. The proteomic analysis provided us with further confirmation of
the important role of prophylactic antioxidant supplementation in order to
prevent lipid peroxidation, mitochondrial dysfunction and subsequent DNA
damage, apoptosis and hepatocyte transformation (fig. 27). Lipids play a
pivotal role, and our data suggest that the quality (oxidized lipids) over the
guantity might be more important in driving NASH and NASH-induced HCC.
Proteomic analysis indicates a putative important role for the switch of
metabolism toward glycolytic pathway in hepatocytes in the context of NASH,
as well as in transformed HCC cells. Furthermore, it was demonstrated
through FACS, histology and proteomic analysis that macrophages are crucial
not only for the initiation of NAFLD and NASH, but also in sustaining tumor
development (fig. 10D, E, G; fig. 12D, E, G; fig. 13E; fig. 19C). Oxidative
stress is pivotal for fatty acid modification, favoring inflammation and creating

the conditions for cell transformation.

A recent and significant study supporting in a way our hypothesis, is the one
performed by Yuan and collaborators, which provided direct evidence of
oxidative stress and HCC development. They conducted a nested case-
control study of 377 HCC cases with 691 matched controls within a
prospective cohort of 18244 male subjects. The authors reported that the
presence of a biomarker for oxidative stress, 8-epi-PGF2aq, is a risk factor for

HCC, independent of the etiology (i.e. HBV infection, smoking status, alcohol
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consumption). The levels of 8-epi-PGF2a. were, in fact, already elevated 10

years before the clinical manifestation of HCC (Yuan et al., 2019).

The stage of NASH is crucial for a better astaxanthin curative outcome, since
the therapeutic treatment at initial stages of NASH could prevent HCC. It is
reasonable to hypothesize that certain events occur at late stages of NASH
(e.g. oxidative damage of DNA), which cannot be reversed in order to prevent
mutations and cell transformation. This assumption has to be evaluated in the
future with thorough analysis of early stages of NASH compared to late

stages.

Overall, our data indicate that oxidative stress is indeed a key player in NASH
and NASH-induced HCC. In addition, it was evaluated the importance of
changing lifestyle with a healthy diet, and were identified novel serum protein
candidates which can be validated as non-invasive biomarkers for early HCC
detection. For adequate HCC prevention, these approaches could be even
considered in chronically obese patients prior to NASH development and in
NASH-affected young adults.
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Figure 27. Effects of AXT and BHA against NASH and NASH-induced HCC

The presented data suggest possible effects of different targets of the pathogenesis of NASH
and subsequent HCC. In the liver, during NASH development, mitochondria in the attempt to
catabolize excessive free fatty acids augmenting [-oxidation, with consequent ROS
overproduction. The persistent hepatic fat overload eventually leads to oxidative stress,
mitochondrial impairment, ER stress and cell death (lipotoxicity). Hypothetically, the toxic
lipids should be the oxidized ones, which activate Kupffer cells via the scavenger receptor
CD36. AXT and BHA, with their antioxidant function, prevent oxidative stress and following
lipid peroxidation, the latter cause of genotoxic compounds such as MDA and 4-HNE. The
two antioxidants look to have an effect also in impeding the upregulation of enzymes involved
in the production of eicosanoids mediators of inflammatory cascade. In addition, they prevent
upregulation of enzymes producing ceramide, an important lipid known to be involved in
lipotoxicity. AXT furthermore, inhibits hepatocytes proliferation also at late NASH stage which

probably explains the significant reduction of cancer incidence.
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Ras GTPase-activating-like protein IQGAP1
Inositol-requiring enzyme 1

Electrically conductive indium tin oxide
Janus Kinase

Jun-N-terminal kinase

Kupffer cells

3-ketodihydrosphingosine reductase
Kelch-like ECH associated protein 1

KIT proto-oncogene, receptor tyrosine kinase
Kirsten rat sarcoma viral oncogene homolog
Lipid radical

Tetralinoleicardiolipin

L-lactate dehydrogenase A chain
L-lactate dehydrogenase B chain
Low-density lipoprotein

Low density lipoprotein receptor
Galectin-3

Galectin-3 binding protein

Hepatic triacylglycerol lipase

Lipase member H

Lipid peroxyl radical

Lipid hydroperoxide

Lipoxygenases

Lysophosphatidylcholine
Lipopolysaccharide

Liver sinusoidal endothelial cells
Leukotriene A-4 hydrolase

Liver X receptor

Lymphocyte antigen 6 complex, locus C1
Pro-inflammatory macrophages
Anti-inflammatory macrophages
Matrix-assisted laser desorption/ionization
Mitogen-activated protein (MAP) kinase
Mitogen-activated protein kinase 1

p38 mitogen-activated kinase
Mitogen-activated protein kinase 14

Mitogen-activated protein kinase 3;Mitogen-activated protein kinase

Mitogen-activated protein kinase 9
MAP kinase-activated protein kinase 2
Methionine-choline deficient diet



MCL1
MCP-1
MDA
MDB
MDM4
ME3
MET
MHC-I/MHC-II
MMS19
MMT
MnSOD
MoMFs
MPEG1

MPT
MRC1/CD206
MSI

mtDNA
MTHFD1L

MTHFD2
mTOR

MuPA
MYCBP

MYD88

NADH
NADPH
NAFLD
NAS
NASH
NCL
ND
NEFAs
NF-kB
NFKB1
NKs
NKTs
NLRX1
NNT
NO
NOS
NQO1
NRF2
ONOO
OSsBP
OSBPL1A

MCL1 Apoptosis Regulator, BCL2 Family Member

Monocyte chemoattractant protein-1

Malondialdehyde

Mallory-Denk bodies

Transformed 3T3 cell double minute 4, p53 binding protein

Malic enzyme 3

MET proto-oncogene, receptor tyrosine kinase/hepatocyte growth factor receptor
Major histocompatibility complex /11

MMS19 nucleotide excision repair protein homolog

Membrane mitochondrial potential

Mitochondrial manganese (Mn) SOD

Bone-marrow monocyte-derived macrophages

Macrophage-expressed gene 1 protein

Mitochondrial permeability transition

Macrophage mannose receptor 1

Mass-spectrometry imaging

Mitochondrial DNA

Formyltetrahydrofolate Synthetase, mitochondrial

NAD-Dependent Methylene Tetrahydrofolate Dehydrogenase, mitochondrial

Mammalian target of rapamycin
Urokinase plasminogen activator (uPA) from the liver-specific major urinary protein
(MUP) promoter

C-Myc-binding protein

Myeloid differentiation primary response protein MyD88

Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide posphate

Non-alcoholic fatty liver disease

NAFLD activity score

Non-alcoholic steatohepatitis

Nucleolin

Normal diet

Non-esterified fatty acids

Nuclear factor kappa-light-chain-enhancer of activated B cells

Nuclear factor NF-kappa-B p105 subunit/Nuclear factor NF-kappa-B p50 subunit
Natural killer cells

Natural killer T cells

NLR family member X1

Nicotinamide nucleotide transhydrogenase, mitochondrial

Nitric oxide

NADPH oxidase

NAD(P)H:quinone oxidoreductase/ NAD(P)H dehydrogenase [quinone] 1
Nuclear erythroid 2-related factor 2

Peroxynitrite
Oxysterol-binding protein 1
Oxysterol-binding protein-related protein 1 alpha
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OSBPL3
OSBPLY

oxLDL
oxPC
OxS
PAMPs
PARP10
PBRM1
PCNA
PCX
PD-1
PD-1L
PDGF
PDGFRB
PDHA1
PERK
PFKFB1
PFKL
PFKP
PGAM1
PGK1
PGM1
PGM2
PGM3
PI3K
PIK3AP1
PKM
PLA2G7
PLAA
PNPLA2

PNPLAS3
PNPLAS

POR

PPARa
PPARS
PPARy

PRDX
PRDX-3/6

PRKACA
PRKC-A/B
PRRs
PSMB9
PSME-1

PTEN

Oxysterol-binding protein-related protein 3
Oxysterol-binding protein-related protein 9
Oxidized low-density lipoprotein

Oxidized phosphatidylcholine

Oxidative stress

Pathogen-associated molecular pattern
Poly(ADP-Ribose) Polymerase Family Member 10
Polybromo 1

proliferating cell nuclear antigen

Pyruvate carboxylase, mitochondrial

Programmed Cell Death 1

Programmed Cell Death 1 Ligand 1
Platelet-derived growth factor

Platelet-derived growth factor receptor beta
Pyruvate dehydrogenase E1 component subunit alpha, somatic form, mitochondrial
PKR-like ER kinase

Fructose-2,6-bisphosphatase

ATP-dependent 6-phosphofructokinase, liver type
ATP-dependent 6-phosphofructokinase, platelet type
Phosphoglycerate mutase 1

Phosphoglycerate kinase 1
Phosphoglucomutase-1

Phosphoglucomutase-2
Phosphoacetylglucosamine mutase
Phosphoinositide 3-kinase

Phosphoinositide 3-kinase adapter protein 1
Pyruvate kinase PKM

Phospholipase A2

Phospholipase A-2-activating protein

Patatin-like phospholipase domain containing 2
Patatin-like phospholipase domain-containing protein 3
Patatin like phospholipase domain containing 8
NADPH--cytochrome P450 reductase

Peroxisome proliferator-activated receptors alpha
Peroxisome proliferator-activated receptors delta
Peroxisome proliferator-activated receptors gamma
Peroxiredoxin

Peroxiredoxin 3/6

cAMP-dependent protein kinase catalytic subunit alpha
Protein kinase C, alpha type/beta type

Pattern recognition receptors

Proteasome subunit beta 9

Proteasome activator complex subunit 1/2/3/4
Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein
phosphatase PTEN
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PTGES2  prostaglandin E synthase 2
PTGES3  Pprostaglandin E synthase 3
PTGR2  prostaglandin reductase 2
PTGS1 prostaglandin G/H synthase 1
PUFAs Poly-unsaturated fatty acids
PXR Pregnane X receptor
RAC-1/3  Ras-related C3 botulinum toxin substrate 1;Ras-related C3 botulinum toxin substrate 3
RAD23A  yV excision repair protein RAD23 homolog A
RAD23B UV excision repair protein RAD23 homolog B
RAF Raf-1 proto-oncogene, serine/threonine kinase
RAPIA  Ras-related protein Rap-1A
RCF Relative centrifugal force
RELA  Transcription factor p65
RET Ret proto-oncogene
RFA Radiofrequency ablation
RHOT1  Mitochondrial Rho GTPase 1
RNS  Reactive nitrogen species
ROIs Regions-of-interest
ROS Radical oxygen species
ROS1 ROS proto-oncogene 1
RPA1 Replication protein A 70 kDa DNA-binding subunit
rpm revolutions per minute
RRAS2 Ras-related protein R-Ras2
RTN4  Reticulon-4
S100A11 Protein S100-A11
SCARB1 scavenger receptor class B member 1
SEL1L  E3 ubiquitin-protein ligase synoviolin
SERPINA7  serpin Family A Member 7
SFAs Saturated fatty acids
SGPP1 Sphingosine-1-phosphate phosphatase 1
SH3BP5/SAB SH3-domain binding protein 5
SMPD2 Sphingomyelin phosphodiesterase 2
SOD Superoxide dismutase
SOD3  Extracellular superoxide dismutase [Cu-Zn]
SORD  sorhitol Dehydrogenase
SPAGY  C-Jun-amino-terminal kinase-interacting protein 4
SPTLC1 Serine palmitoyltransferase 1
SQSTM1 Sequestosome 1
SREBP1 Sterol regulatory element binding protein 1
STAT1  signal transducer and activator of transcription 1
STAT3 Signal transducer and activator of transcription 3
STAT5A  signal transducer and activator of transcription 5A
STK24  Serine/Threonine Kinase 24
STK38  Serine/Threonine Kinase 38
STK4  Serine/Threonine Kinase 4
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SUMO-2/3
SYVN1

T2DM
TACE
TAMs
TAP1
TCTPT
TERT
TGF-B1
TGs
Thl7
TLRs
TMBSF2
TMEM43
TNF-a
TPI1
TRADD
TRAIL
TXN
TXN2
TXNRD1
TXNRD2
UAP1L1
UBA2
UPR
URI
VAP-1
VAPA
VCTE
VEGF
VEGFR
VIM

VLDL
VNN1
WHO
WNT
XBP-1
XDH

X0
YAP1

y-OHPdG

Small ubiquitin-related modifier 2/3
Protein sel-1 homolog 1

Type 2 diabetes mellitus
transcatheter chemoembolization
Tumor-associated macrophages

Transporter, ATP-binding cassette, major histocompatibility complex, 1

T cell tyrosine phosphatase
Telomerase reverse transcriptase
Transforming growth factor-3 1
Triglycerides

T helper cells 17

Toll-like receptors
Transmembrane 6 superfamily 2
Transmembrane Protein 43
Tumor necrosis factor alpha
Triosephosphate isomerase

Tumor necrosis factor receptor type 1-associated DEATH domain protein

TNF-a-related apoptosis-inducing ligand
Thioredoxin

Thioredoxin, mitochondrial

Thioredoxin reductase 1, cytoplasmic
Thioredoxin reductase 2, mitochondrial
UDP-N-acetylhexosamine pyrophosphorylase-like protein 1
SUMO-activating enzyme subunit 2
Unfolded protein response

Unconventional prefoldin RPB5 interactor 1
Vascular adhesion protein-1
Vesicle-associated membrane protein-associated protein A
Vibration-controlled transient elastography
Vascular endothelial growth factor
Vascular endothelial growth factor receptor
Vimentin

Very low density lipoprotein

Vanin 1

World Health Organization

Wingless-type MMTYV integration site
X-box binding protein 1

Xanthine dehydrogenase

Xanthine oxidase

Yes associated protein 1
Propanodeoxyguanosine
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