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LIST OF ABBREVIATIONS

AIM2, absent in melanoma 2; ALP, alkaline phosphatase; ALT, alanine aminotransferase;
ASC, apoptosis-associated speck-like CARD-domain containing protein; AST, aspartate
aminotransferase; CLR, C-type lectin receptors; CpG, cytidine-phosphate-guanosine-rich
DNA; DAMP, danger associated molecular pattern; dsRNA, double stranded RNA; FFA,
free fatty acid; GGT, gamma-glutamyltransferase; HCV, hepatitis C virus; HFD, high fat
diet; HIV, human immunodeficiency virus; HMGBL1, high mobility group box protein-1,;
HSC, hepatic stellate cell; IFN, interferon; IKK, IkB kinase; IL, interleukin; IPS-1, IFNJ
promoter stimulator protein-1; IRAK, LI-1R-associated kinase; IRF, interferon regulatory
factor; 1SG, interferon-inducible gene; JNK, Jun N-terminal kinase; LMNC, liver
mononuclear cell; LPS, lipopolysaccharide; LRR, leucin-rich repeats; LSEC, liver
sinusoidal endothelial cells; MAVS, mitochondrial antiviral signaling protein; MCD,
methionine-choline deficient; MCS, methionine-choline supplemented; MD2, myeloid
differentiation factor 2; Mda5, melanoma differentiation-associated gene 5; Multl, murine
UL16-binding proteinlike transcript 1; MMP, matrix metalloproteinase; MyD88, Myeloid
differentiation factor 88; NADPH, nicotinamide adenine dinucleotide phosphate; NAFLD,
non-alcoholic fatty liver disease; NALP1, NACHT, LRR and PYD domains-containing
protein 1; NALP3, NACHT, LRR and PYD domains-containing protein 3 / cryoporin;
NASH, non-alcoholic steatohepatitis; NFKB, Nuclear factor kB; NK, natural killer cell;
NLR, NOD-like receptors; NLRC4, NLR family CARD-domain containing -4; PA,
palmitic acid; PAMP, pathogen associated molecular pattern; PKC, protein kinase C; Poly
I:C, polyinosinic-polycytidylic acid; PSMA7, proteasome subunit alpha type 7; Rae-1a,
retinoic acid early inducible-1a; RIG-I, retinoic acid-inducible gene-I; RIP3, receptor
interacting protein-3; RLR, RIG-I-like receptor; ROS, reactive oxygen species; aSMA, a
smooth muscle actin; TAK, TGF-B activated kinase; TBARS, thiobarbituric acid reactive
substances; TBK1, TANK-binding kinase 1; TGFp, transforming growth factor ; TIMP,
tissue inhibitor metalloproteases; TLR, toll-like receptor; TNF, tumor necrosis factor;
TRAIL, TNF-related apoptosis inducing ligand; TRAF, TNFR-associated factor; TRIF,
TIR domain-containing adaptor inducing IFN-beta; VISA, virus-induced signaling

adaptor; zZVAD, (carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone)
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases
affecting over 1/3 of the population in the Western world. The histopathology spectrum of
NAFLD includes steatosis alone, steatosis with inflammation and steatohepatitis (non
alcoholic steatohepatitissNASH) that includes necroinflammation with or without fibrosis.
(1). The pathogenesis of NAFLD/NASH is not fully understood yet. Recently the role of
innate immunity has been implicated in the pathogenesis of NASH (1). Pattern recognition
Toll-like receptors (TLR) and NOD-like receptors (NLR) are key components of the innate
immune system in the recognition of pathogens, but they also sense danger signals released
from damaged cells (94). The inflammation induced via the TLRs or NLRs contribute to
the pathogenesis of several autoinflammatory diseases.

Fatty liver is highly sensitive to the TLR4 ligand lipopolysaccharide (LPS or endotoxin),
that is a bacterial wall component of Gram-negative bacteria. Furthermore, increased
plasma endotoxin levels were detected in steatohepatitis both in mice and humans.
However, the role of the TLR4-MD?2 receptor complex in NASH is yet to be evaluated.
Inflammasomes, large caspase-1-activating multiprotein complexes that sense both danger
signals through the intracellular NLRs, are major contributors to inflammation. The
NALP3 inflammasome is involved in sensing endogenous danger signals, and promotes
the cleavage and maturation of the pro-inflammatory cytokine pro-IL-1f to
promote/sustain inflammation. The inflammasome activation is a two step process, in
which the first step usually by a TLR ligand such as LPS induce the up-regulation of the
inflammasome and pro-IL-1p, and a second signal activate the inflammasome. The cell-
specific expression and role of the inflammasome in the liver are yet to be evaluated in
NASH.

While the factors determining progression of NASH are yet to be fully defined, the clinical
importance of increased susceptibility of the fatty liver to viral infections is emerging. Co-
morbidity of NASH with viral infections caused by RNA viruses, such as hepatitis C and
HIV remains a clinical challenge. The pathomechanism behind the impaired antiviral

immuntity is not fully clarified yet.
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2. REVIEW OF THE LITERATURE

2.1. NON-ALCOHOLIC FATTY LIVER DISEASE AND
NON-ALCOHOLIC STEATOHEPATITIS

2.1.1. Definition

Non alcoholic fatty liver disease (NAFLD) is a chronic liver disease with wide
spectrum of hepatic abnormalities somewhat similar to alcoholic liver disease but without
significant alcohol consumption. Along with obesity, hypertension, hypercholesterolemia,
hyperuricaemia and insulin resistance, NAFLD is the part of the metabolic syndrome. The
histopatological spectrum of NAFLD includes steatosis alone, steatosis with inflammation
and steatohepatitis (NASH) with necroinflammation (with or without fibrosis). The last

form, which is progressive, can lead to cirrhosis and even to hepatocellular carcinoma (1).

Steatosis — Steatosis with inflammation — Steatohepatitis with necroinflammation
e T .
) *»  Fibrosis
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Figure 1. Natural history of NAFLD

2.1.2. Epidemiology
Since its first description in 1980 (2), non-alcoholic fatty liver disease (NAFLD)
became one of the most common liver diseases in the Western world (3) due to the

increasing prevalence of obesity. The prevalence of obesity is shown in Figure 2 and 3.
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Figure 2. Prevalence of obesity in adult females in 2010 based on the WHO Global

InfoBase. (www.apps.who.int/infobase/)

Figure 3. Prevalence of obesity in adult males in 2010 based on the WHO Global

InfoBase. (www.apps.who.int/infobase/)

The estimated prevalence of NAFLD is around 20-30% in the general population in
the Western world (4), while its prevalence is over 90% among obese subjects (5). Non-
alcoholic steatohepatitis (NASH) occurs approximately in 2-3% of the general population
(6), and its prevalence in the morbidly obese subjects is ~37% (5).

Notably, NAFLD affects not only the adults, but its prevalence is also increasing in the
childhood: ~3% overall and ~50% in obese children (7).
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2.1.3. Clinical aspects of NASH: symptoms, diagnosis and treatment

Most of the patients with NAFLD are asymptomatic and the diagnosis is incidental
during either routine blood tests (elevated liver enzymes) or ultrasound examination (liver
steatosis). Fatigue, partially due to the accompanying sleep apnea and right upper quadrant
abdominal discomfort due to the hepatomegaly may occur. Later, with the progression of
the disease, myriad of signs and symptoms of chronic liver disease, cirrhosis and liver
failure develop. In addition, since NAFLD is the “hepatic manifestation” of metabolic
syndrome, these patients often suffers from non-liver related symptoms of the co-
morbidities, such as type Il diabetes, hypertension etc.

Increased serum alanine aminotransferase (ALT), aspartate aminotransferase
(AST), gamma-glutamyltransferase (GGT) and sometimes alkaline phosphatase (ALP)
levels with exclusion of other etiologies of chronic liver diseases, such as alcohol, virus,
metabolic diseases, raise the possibility of NASH (8). However, in some histologically
proven NASH patients normal ALT values can be observed (9). Higher serum ferritin
levels were also reported in 50% of NASH patients (10). In case of suspicion of NASH,
ultrasound is used to detect hepatic fat deposition in form of hyperechogenic liver (11).

The most emerging question is to differentiate the simple steatosis from the
progressive steatohepatitis using non-invasive techniques. However, to date there are no
available diagnostic laboratory tests that can reliably differentiate steatosis from
steatohepatitis. The measurement of keratin-18 fragments as marker of apoptosis correlates
with the severity of liver disease (12) therefore may help in the staging. There are several
scoring systems that might be useful in the diagnostic algorithm of NAFLD/NASH
(13,14,15), including BARD score (16), NAFLD fibrosis score (17), FIB-4 score (13),
APRI (AST to platelet ratio index) (18), ALT/AST ratio (13), FibroTest (19), ELF
(European Liver Fibrosis) test (20), Fibroscan (21), SteatoTest (22), NASHTest (23), but
they are not routinely used yet in the clinical practice (24).

To date, liver biopsy remains the gold standard of the diagnosis of NASH (24,25).
The morphological signs of NASH are the followings: predominantly macrovesicular
steatosis (mild: <33%, moderate: 33-66%, severe: >66%); inflammatory cell infiltration in

form of portal inflammation, interface hepatitis, lobular inflammation and/or confluent
10
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necrosis involving monocytes-macrophages, neutrophils and lymphocytes; hepatocyte
ballooning; and Mallory-Denk bodies. As the disease progresses fibrosis appears, first in
the perivenular and perisinusoidal area, then portal fibrosis and bridging formation occurs
that finally leads to cirrhosis (24). To evaluate the histological findings scoring systems
(Brunt score, NAFLD activity score, Ishak[Knodell] score) has been developed that allows
semiquantitative assessment (26, 24,27).

Besides the lack of sensitive and specific diagnostic markers that makes the
diagnosis and the accurate evaluation of prevalence difficult, the optimal treatment is also
still awaited. However, the enormous effort in the NASH research field to better
understand the pathogenesis of the disease brings closer to the development of efficient,
specific and targeted therapy. The recent knowledge about the NASH pathogenesis will be
discussed below in chapter 2.1.5.

Since, insulin resistance is a key feature of NASH, dietary and lifestyle
modifications that improve insulin sensitivity are the first steps in the management of
NASH (28), although the long-term efficacy is questionable mostly because of the lack of
compliance (29). When the body mass index (BMI) of the patient reaches 35-40, bariatric
surgery can be performed to help the patients in the weight-loss, but there are no
randomized controlled trials to judge the benefit-risk ratio (29). As pharmacologic
treatment the followings are wused: insulin sensitizers (metformin, pioglitazone,
rosiglitazone); antioxidants and hepatoprotectants (Vitamin E, Silymarin [30]);
ursodeoxycholic acid (UDCA [31]) and TNFa antagonists (Pentoxyfilline [32]) (29).
Among the insulin sensitizers, pioglitazone has been reported to be the most efficient
(33,34), but none of them improved the fibrosis convincingly, and the discontinuation of
the drug resulted in the re-elevation of the liver enzymes (35). The antioxidant Vitamin E
alone or in combination with pioglitazone is efficient and recommended (36) but only in
selected patient population. Several other drugs have been tried in the treatment of NASH
in animal experiments and clinical trials including glucagon-like peptide 1 (GLP-1)
(exenatide) (37), betaine (38), angiotensin receptor blockers (39), endocannabinoid
antagonist rimonabant (40), lipid lowering fibrates and statins (41), but there is no final

conclusion and consensus about their use in the NASH therapy.
11
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2.1.4. Fatty liver and viral infections

While the factors determining progression of NASH are yet to be fully defined, the
clinical importance of increased susceptibility of the fatty liver to ischemia (42,43),
bacterial lipopolysaccharide (LPS) (44), and drug-induced (45,46) liver damage is
emerging.

Co-morbidity of NASH with RNA viral infections, such as hepatitis C and HIV
remains a clinical challenge (47). HCV-infected patients with significant steatosis or
superimposed NASH have rapid progression of liver disease, increased rate of fibrosis, and
a decreased likelihood of sustained virological response (SVR) to standard antiviral
therapy (48). Patients with chronic HCV infection exhibit high prevalence of metabolic
abnormalities (49,50), while HCV clearance by sustained virological response ameliorates
insulin resistance (48,50). In human immunodeficiency virus (HIV) infection highly active
anti-retroviral therapy (HAART) induces extensive alterations to liver lipid metabolism,
including liver damage and sometimes even liver failure (51,52,53,54,55). Fatty liver also
may complicate viral infections, such as hepatitis A virus (HAV)-, cytomegalovirus
(CMV)-, or Epstein-Barr virus (EBV) resulting in “acute on chronic” liver failure.

The susceptibility of fatty liver to virus-induced liver damage urges the better

understanding of changes of antiviral immune responses in steatotic livers.

2.1.5. Pathogenesis

In 1998, the “two-hit hypothesis” of NASH pathogenesis was proposed in which
the initial step (1" hit) involves fat accumulation in the liver as a result of excessive
delivery of free fatty acids (FFA) from the adipose tissue, and imbalance of lipid synthesis
and export in hepatocytes (56). The steatosis then increases the susceptibility of the liver to
“2" hits”, such as oxidative stress, gut-derived bacterial endotoxin, inflammatory
cytokines/adipokines etc. which in turn lead to the progression of the disease,
steatohepatitis and fibrosis (57). However, challenging this dogma, there are increasing
evidences that free fatty acids (FFA) can directly cause liver injury and inflammation

without additional second hits (58,59).
12
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Recently, a “multiple parallel hits” model was proposed by Tilg H et al. where they
even question the order of steatosis-inflammation, and suggest that in some cases of NASH
inflammation may precede steatosis and itself lead to fat accumulation (60).

Insulin resistance, one of the key factors of NAFLD pathogenesis, lead to
impairment of B-oxidation of FFAs (61) and also impairment of suppression of adipose
tissue lipolysis (62) thus promoting hepatic lipid accumulation. Vice versa, steatosis can
cause insulin resistance by activation of serine kinases including Jun N-terminal kinase
(JNK), inhibitor of nuclear factor kB (IKK) and protein kinase C (PKC) (63). Furthermore,
insulin resistance may augment the inflammation in NASH (64).

Beyond the insulin resistance, increasing evidence suggests the crucial role of
innate immune system in the NASH pathogenesis (65,66), and innate immunity is also
important in the development of insulin resistance (67). The pro-inflammatory cytokines
TNF-o and IL-6 are involved in the progression of NALFD (68). Increased serum and liver
TNF-a levels were observed in NASH patients, that correlated with the severity of the
disease (69,70,71). The increased serum IL-6 levels in obese patients reduced with weight
loss (72) and its pathogenic role was reported in high fat diet induced hepatic steatosis and
insulin resistance (73), although contradictory studies exist as well (74).

The pro-inflammatory cytokines can be produced in the liver, but also can be
secreted by the adipocytes and the liver might be the main target for adipose tissue derived
TNF-a and IL-6 (60). Obesity affects the macrophage recruitment and also macrophage
phenotype in the adipose tissue (65). Other adipocyte-derived cytokines (adipokines) that
has been investigated in the NASH pathogenesis are the leptin and adiponectin. Higher
leptin and lower adiponectin levels were reported in patients with NAFLD (75,76).
Although there are high leptin levels, but due to receptor disorders, leptin resistance was
observed (77). In contrary, adiponectin is an anti-inflammatory cytokine and high level of
adiponectin diminishes hepatic steatosis (78).

Not only the adipose tissue, but the gut-microbiota contributes too to the
development of steatohepatitis (79). Endotoxin or lipopolysaccharide (LPS), a bacterial
wall component was suggested as a “2™ hit”, resulting in progressive liver injury (56).

Increased plasma endotoxin levels were detected in mice with steatohepatitis (80), and in
13
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humans with NAFLD (81). Importantly, fatty liver is highly sensitive to LPS and the
deficiency of its receptor attenuates hepatic steatosis and inflammation in an animal model
of NASH (82). The fact that probiotics might be useful in the therapy of steatohepatitis
(83,84) support that gut microbiota has significant influence on the systemic immune
responses. Furthermore, deficiency of Toll-like receptor 5 (TLR5) affect the composition
of gut microbiota and lead to the development of metabolic syndrome (85). The role of
TLRs in liver disease, particulary in NASH, will be discussed in chapter 2.2.3.

As subcellular localizations of the pathologic events, the role of both the
mitochondria and the endoplasmatic reticulum is well-established. Structural and
functional abnormalities of the mitochondria were reported (86,87) in NASH patients as
well as in animal models of steatohepatitis (88). Mitochondria is one of the main sources
of reactive oxygen species (ROS) and therefore it is significant contributor the oxidative
stress observed in NASH (89). Several factors, including saturated FFAs can induce
endoplasmatic reticulum (ER) stress (90) that leads to inflammation. An ER-related
process, autophagy has evolved recently as another pathway involved in steatohepatitis
(92).

Finally, genetic factors such as patatin-like phospholipase 3 (PNPLA3) (92) might
also help to explain why some patients have progressive steatohepatitis while others not
(60).

The two-hit hypothesis and the multiple hypothesis models are shown as Figure 4
and Figure 5.

The knowledge about the pathogenesis of NASH is continuously broadening, but it
is not fully clarified yet.

14
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Figure 4. The “modified two hit hypothesis model’” of NASH pathogenesis. The figure is
based on the publication of Dowman JK et al., Q J Med 2010;103: 71-83.(93)
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2.2. PATTERN RECOGNITION RECEPTORS (PRRs)

As mentioned above, both bacterial components and danger signals released from
damaged cells plays crucial role in the pathogenesis of NASH. Pattern recognition
receptors including toll-like receptors (TLRs), Retinoic acid-inducible gene (RIG)-1 like
receptors (RLRs), NOD-like receptors (NLRs) and C-type lectin receptors (CLRs) are the
initial sensors of infections/PAMPs (pathogen-associated molecular patterns) and
endogenous danger signalssyDAMPs (danger associated molecular patterns). TLRs and
CLRs are transmembrane proteins, while RLRs and NLRs are cytoplasmic sensors
expressed by both immune and non-immune cells (94). The activation of PRRs by their
ligands induces the transcription of several genes involved in the innate immune responses,
such as pro-inflammatory cytokines, chemokines, Type-l interferons, antimicrobial
proteins and many others (94). In addition, some NLRs form multiprotein complexes
called inflammasomes that are important for the maturation of some pro-inflammatory
cytokines (94).

This thesis focuses on the role of TLRs and inflammasomes in the pathogenesis of
NASH, and discusses the role of RLRs in terms of impaired antiviral immunity in

steatohepatitis.

2.2.1 Toll-like receptors (TLRS)

2.2.1.1. TLRs and their ligands

The Toll pathway was initially identified in Drosophila melanogaster involved in
the embryonic development (95,96). Later on it became evident that the Toll pathway
involved not only during embryogenesis, but also important in the innate immunity (97).
Furthermore, they were identified in other species than Drosophila as an evolutionary
conserved signaling cascade (98).

They consist from an N-terminal leucine-rich repeats (LRRs), a transmembrane
region and a cytoplasmic Toll/IL-1R homology (TIR) domain. To date twelve TLRs have

been identified in mice and ten in humans (94).

16
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Figure 6 shows the TLRs with their corresponding ligands and the intracellular

signaling cascades.
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Figure 6. Toll-like receptors, their ligands, and the TLR signaling cascade

TLR signaling can be divided into myeloid differentiation factor 88 (MyD88)- and
TIR domain-containing adaptor inducing IFN-B (TRIF)-dependent pathways that will be
discussed below demonstrated on TLR4 since it triggers both MyD88- and TRIF-
pathways.

TLR4 forms a receptor complex with myeloid differentiation factor 2 (MD2) on the
cell surface and two TLR4-MD2 complexes create a homodimer (Figure 7.). TLR4 is the
main sensor of endotoxin (LPS), but beyond LPS, it also recognizes bacterial flavolipin,
mannan, viral proteins (99) and endogenous danger signals, including heat shock proteins,
HMGBL1, hyaluronan and fibronectin fragments (100).

Ligand engagement recruits MyD88 to the receptor via TIRAP/Mal followed by an

interaction between MyD88 and IL-1R-associated kinase (IRAK)-4. IRAK4 then activates
17
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IRAK1 that associates with TNFR-associated factor 6 (TRAF6) and lead to the activation
of TGF-B-activated kinase-1 (TAK1), and TAK-1 binding protein (TAB) 1,2 and 3. That
later complex phosphorylates IkB kinase (IKK) and MAP kinase (MAPK) 6.
Phosphorilated IkB degrades and thus the free nucear factor-kB (NFxB) can translocate to
the nucleus. MAP kinases activate another transcription factor, AP-1. NFkB and AP-1,
finally, lead to the transcription of several pro-inflammatory genes (100). The MyD88
signaling induced by the endosomal TLR9 and TLR7 or 8 is somewhat different (without
details depicted in Figure 6.) and lead to IFN- production via IRF7, 5 or 1 (100).

TLR4-ligands may activate the TRIF pathway as well via TRIF-related adaptor
molecule (TRAM). Active TRIF associates with TRAF6 and TRAF3. TRAF3 activates the
kinases IKKe and TBK-1 (TANK-binding kinase 1) leading to the activation of interferon
regulatory factor (IRF) 3 and 7 and Type-I interferon production. TRIF-induced TRAF6
pathway downstream is similar to MyD88-induced TRAF6 signaling resulting in pro-
inflammatory cytokine and chemokine transcription. TLR3 uses only TRIF as adaptor
(100).

Apoptosis

Nucleus

Figure 7. Structure and downstream signaling of TLR4-MD2 complex
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2.2.1.2. TLRs in liver diseases

Toll-like receptors are expressed in several cell types in the liver (101). The hepatic
resident macrophages (Kupffer cells) express TLR-2, -3, -4 and -9 and produce pro- and
anti-inflammatory cytokines in response to TLR ligands. The plamocytoid dendritic cells
(pCDc) produce IFN-o. and also pro-inflammatory cytokines in response to TLR7/8 and
TLR9 stimulation, while conventional-DCs respond to TLR-2,-3 and-4 ligands with
cytokine production in the liver. The hepatic natural killer (NK) cells express TLR-1,-2,-3,-
4,-6, -7/8, -9 and those TLR-ligands together with Kupffer-cell derived IL-12 induce IFN-y
production. TLRs activate B-cell proliferation, while T-cells are rather indirectly activated
by the TLRs. Beyond the immune cells, liver parenchymal cells also express TLRs.
Hepatocytes although do express all TLRs, but they can respond only to TLR2 and TRL4
ligands. Liver sinusoidal endothelial cells (LSEC) respond to TLR4 ligand LPS, and
hepatic steallate cells (HSCs) can be stimulated by TLR4 and TLR9 ligands. (101)

The pathogenic role of TLRs has been demonstrated in infectious (HCV, HBV,
endotoxin-induced liver damage, Listeria, Salmonella and malaria infections) and non-
infectious (alcoholic liver disease, NASH, ischemia-reperfusion injury, primary biliary
cirrhosis, autoimmune hepatitis) liver diseases and in their complications (hepatic fibrosis,
hepatocellular carcinoma). The role of TLRs in liver diseases was reviewed by Seki et al.
(101)

2.2.2. RIG-I-like receptors (RLRS)

2.2.2.1. RLRs and their ligands

The cytoplasmic RIG-I-like helicase receptors include retinoic acid inducible
protein I (RIG-1), melanoma differentiation associated gene 5 (MDAJS), and laboratory of
genetics and physiology 2 (LGP2). They contain a C-terminal regulatory domain, a central
DEAD box helicase/ATPase domain and 2 N-terminal caspase recruitment domains
(CARDSs) except LGP2 that lacks the CARD domain. They have low expression, but viral
infections and Type | IFNs highly enhance the RLR expression (94). Upon engagement by
viral dsRNA (either genomic RNA of dsRNA viruses or dsRNA generated during the

replication of ssSRNA or dsRNA transcribed from dsDNA by polymerase I1I) RLR
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signaling results in Type-I IFN and pro-inflammatory cytokine production (102,103).
Although, both RIG-I and MDAGS sense viral RNA, their ligand specificity somewhat
differs. RIG-1 recognizes short dsSRNA and the presence of 5 triphosphate increases Type |
IFN induction. In contrast, MDADS senses long dsRNA such as the synthetic poly I:C (102).
RIG-I is important for the detection of Paramyxoviridae (eg. Sendai virus), Influenza A
virus, Rhabdoviridae (eg. Vesicular Stomatitis Virus), Myxoma virus and Herpesviridae
(eg. Ebstein Barr virus), while MDAS is crucial for the recognition of Caliciviridae,
Picornaviridae (eg. Encephalomyocarditis virus), Murine hepatitis virus and Vaccinia virus
(104). Both RIG-I and MDAG5 contribute in the detection of Reoviridae and Flaviviridae
such as Hepatitis C virus (103). LGP2 likely cooperate with RIG-1 and MDADS, since LGP2
deficiency decreases certain viruses-induced IFN production (104).

RLR stimuli lead to the interaction between the CARD domain of the RLR receptor
and the CARD domain of the adaptor protein called MAVS (mitochondrial antiviral
signaling protein) or IPS-1 (IFN-B-promoter stimulator 1) or VISA (virus-induced
signaling adaptor) (105). The name MAVS will be used further on in that thesis. MAVS is
localized in the outer membrane of the mitochondria that is crucial for the downstream
signaling. Beyond the N-terminal CARD domain MAVS contains a C-terminal TM
domain, that is responsible for the mitochondrial anchorage (106). In addition, Baril M et
al. has recently shown that the TM domain is the main determinant of the self-interaction,
and they demonstrated that MAVS oligomerization is essential for the downstream
activation of IRF3 and NFkB (107). The TM-dependent dimerization of MAVS provides
an interface for binding and activating TRAF3 (106). Similarly to the TRIF signaling
pathway, TRAF3 activation results in the phosphorilation and oligomerization of IRF3 and
IRF7 via TBK1 and IKKe, and the active IRF3 lead to the production of Type-1 IFNs (94).
MAVS also interacts with Receptor interacting protein kinase 1 (RIP1) and Fas-associated
death domain protein (FADD) that lead to the complex formation with caspase-8 and 10,
and to the cleavage and activation of these caspases and apoptosis. The
RIP1I/TRADD/FADD complex also induces inflammatory cytokine production via NFkB
activation (102). The RLR signaling is shown in Figure 8.
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Figure 8. RLR signaling

2.2.2.2. RLRs in liver diseases

Helicase receptors are expressed in several cell types in the liver, including
hepatocytes, conventional dendritic cells, Kupffer-cells, NK cells, endothelial cells and
fibroblasts (108,109). Immunohistochemistry revealed that in naive mice MDAGS is broadly
expressed in hepatocytes and interstitial cells (Kupffer cells and endothelial cells) in the
liver, but synthetic dSRNA (poly I:C) (110), as well as Type | IFNs further increase its
expression.

The RLR-mediated antiviral responses are extensively studied in hepatitis C
infection in the liver (111,112). RIG-I is essential for the innate immune signaling in
hepatocytes triggered by HCV genome. However, HCV has evolved strategies to disrupt
the host antiviral response eg. by cleaving MAVS from the mitochondria (113) by the viral
NS3/4A protease. MAVS can be cleaved by other viruses too such as the 3ABC protease
of hepatitis A virus (114). The target of the viral cleavage is at the C-terminal region
(Q428, C508), such as in case of apoptotic cleavage (D429) (113). Beyond viral hepatitis,
the role of RLRs in the pathogenesis of biliary diseases has been suggested recently (115).
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2.2.3. INFLAMMASOMES

The third big group of pattern recognition receptors is the family of Nod-like
receptors (NLRs) (94). NLRs are composed from a C-terminal leucin-rich-repeat (LRR)
domain that plays role in the recognition of ligands, a central NACHT (NAIP, CIITA,
HET-E and TP-1) domain that is responsible for the oligomerization and dNTPase activity,
and an N-terminal CARD or pyrin (PYD) domain. Based on the NACHT domain three
subfamilies have been distuinguished: a) NODs, [NOD1-5, CIITA] b) NLRPs or NALPs
[NLRP / NALP 1-14] and c) IPAF [IPAF, NAIP] subfamily. Several NLRs plays role in

the formation of a multiprotein complex called inflammasome.

2.2.3.1. Definition

Inflammasomes are intracellular multiprotein complexes that in response to
pathogens or danger molecules activate the cysteine protesase caspase-1 that in turn results
in the maturation of pro-inflammatory cytokines, including IL-1p and IL-18, the
proteolytic inactivation of IL-33 and furthermore they contribute to the regulation of cell

survival and cell death.

2.2.3.1. Types of inflammasomes

To date four main prototypes of inflammasomes are characterized: NLRP1
(NALP1); NLRP3 (NALPS3, cryporin); NLRC4 (IPAF) and the recently described AIM2.
With the exception of AIM2, the nomenclature of inflammasomes is based on the NOD-
like receptor (NLR) that form complex with the effector molecule pro-caspase-1 with or
without the help of an adaptor molecule and lead the auto-activation of the caspase-1.
NLRP1 (NALP1), the first described inflammasome, is able to interact directly with

caspase-1 due to its C-terminal CARD domain. However, the presence of ASC enhances
the activity of the complex in humans. Murine NLRPL1 is unable to bind to ASC because it

does not contain functional PYD domain.

22



DOI:10.14753/SE.2012.1767

NLRP3 (NALP3), the most fully characterized member of the inflammasome family,
consists of the PYD, NACHT and LRR domain containing Nod-like receptor, NLRP3, the
adaptor molecule ASC and the effector molecule pro-caspase-1. Since NLRP3 does not

contain CARD domain, the presence of the adaptor molecule is necessary for the complex

formation.
IPAF (NLRC4) also contains a CARD domain resulting in direct interaction with caspase-

1, but some studies suggested the requirement of ASC for the maximal caspase-1

activation.
AIM2, is a PYD and HIN-200 domain containing protein that recruit caspase-1 via the
ASC adaptor molecule, since itself is lacking the CARD domain.

NLRP3 inflammasome AIM2 inflammasome
NLRP3 PYD NACHT LRR AlM2 PYD s — HIN
PYD » PYD )
ASC ) ASC
CARD -~ CARD
Pro-caspase-1 CARD p20 plo Pro-caspase-1 CARDIN P20 =— p10
NLRP1 inflammasome IPAF inflammasome
NLRP1 PYD NACHT LRR B\
. IPAF (NLRC4) CARD —— NACHT —  LRR
CARD FIIND
Pro-caspase-1 | \CARD p20 p10 Pro-caspase-1 WEARDW —  p20 ——  pi0

Figure 9. Structure of the NLRP3 (NALP3), NLRP1 (NALP1), IPAF and AIM2

inflammasomes

2.2.3.3. Function of inflammasomes
Inflammasome activation leads to auto-activation of the 45kDa inactive pro-

caspase-1 precursor into p20 and p10 subunits that form the active caspase-1 (116). The
cysteine protease caspase-1 belongs to the inflammatory caspases together with caspase--
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11 and -12 in mice and caspase-4 and -5 in humans (117). Active caspase-1 cleaves the
precursors of IL-1p and IL18 to their mature form or inactivates 1L-33 (117,118).

IL-1B is a pro-inflammatory cytokine, a central regulator of inflammation that
binds to IL-1 receptor (IL-1R) to exert its broad biological effects. The IL-1R also
recognizes IL-1a and binds IL-1R antagonist (IL-1Ra), the latter has an inhibitory effect on
the IL-1R (119). The transcription, translation and secretion of IL-1p are tightly regulated
(119). IL-18 or IFN-y inducing factor, activates Natural Killer (NK) cells to produce IFNy
(120). IL-18 precursor is constitutively expressed in human PBMCs and mouse spleen
cells, but its maturation and secretion is controlled by the inflammasomes (121). IL-33 is a
chromatin-associated cytokine of the IL-1 family that drives Th2 responses (122,123). The
full-length active IL-33 is cleaved and inactivated by caspase-1 (118).

Beyond, the maturation of pro-inflammatory cytokines, inflammasomes activation
regulates cell death. Pyroptosis, first described in Salmonella infected macrophages, is a
caspase-1 dependent cell death showing similarities to apoptosis (DNA-damage), but it
does not depend on apoptotic caspases and it is accompanied with loss of plasma
membrane integrity and lack of chromatin condensation (124). NLRP1 (NALP1), NLRC4
(IPAF) and NAIP activate pyroptosis (119) while NLRP3 (NALP3) contributes to another
NLR-dependent cell death, pyronecrosis. Pyronecrosis shows similarities with necrosis,
since it is not caspase-depedent and leads to breakdown of plasma membrane without
chromatin condensation. Pyronecrosis utilizes the inflammasome adaptor molecule, ASC,
and involves the lysosomal cathepsin B (119). Both pyroptosis and pyronecrosis elicit
inflammation.

Finally, we have to mention that caspase-1 can promote cell survival via SREBPs
in HeLa and CHO cell lines (125).

2.2.3.4. Inflammasome activating ligands
Inflammasome activation is a 2-step process in which signal 1 results in up-

regulation of inflammasome expression (mostly from TLR activation) and signal 2 triggers
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functional inflammasome activation by an inflammasome activator (116). Inflammasome
activators can be pathogen-associtaed (PAMPs) or endogenous danger molecules
(DAMPs) summarized in Table 1.

Table 1. Known activators of inflammasome NLRs

Inflammasome Activator

NLRP3 Large particles via phagocytosis
(NALP3, Monosodium urate crystals (MSU) (126)
cryoporin) CPPD (calcium pyrophosphate dehydrate) (126)
Alum (127)
Silica (128)
Asbestos (129)

Cholesterol crystals (130)

Amyloid beta (131)

Hyaluronan (132)

Hemozoin (133)

Vaccine adjuvants (poly lactide-co-glycolide and polystyrene microparticles)
(134)

Bacterial toxins (pore forming)

Listeria monocytogenes Lysteriolysin O (135,125)

Staphylococcus aureus alpha-toxin (135,125,136)

Aeromonas hydrophila aerolysin (135,125)

Streptolysin (137)

Nigericin (135)

Maitoxin (Dinoflegellates) (125)

lon channels and activators

ATP(P2X7) (135)

Influenza virus M2 channel protein (138)

PAMPs (only if transferred to the cytoplasm by eg. Streptolysin O
poreformin toxin)

LPS, lipid A, PGN, MDP, LTA, Pam3, ssRNA, dsRNA, CpG DNA (139,140)

NLRP1 Bacillus anthracis lethal toxin (141)

(NALP1) MDP (142)

NLRC4 Gram neqative bacteria (flagellin-dependent and independent)
(IPAF) Salmonella typhymurium (143)

Shigella flexneri (144)

Legionella pneumophila (145)

Pseudomonas aeruginosa (146)
AlIM2 dsDNA

bacterial (147,148)

viral (148)

mitochondrial (149)

host (148)
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NRLP1 (NALP1) inflammasome
To date only the bacterial wall component muramyl dipeptide (MDP) and the

Bacillus anthracis lethal toxin has been shown to activate NRLP1 inflammasome
(141,142). The exact pathomechanism has not clarified yet, but potassium efflux has been
suggested to play role in the NLRP1 inflammasome activation (150,151). We have to
mention that NLRP1 localize mostly in the nucleus in contrary to other inflammasomes
that are cytoplasmic (152).

NLRP3 (NALP3) inflammasome
NLRP3 is the most characterized inflammasome. The activation of NLRP3 is

tightly regulated at transcriptional level via NFxB (153). Cell priming with an NF«xB
activator such as the TLR4-ligand LPS is the first and critical step of inflammasome
activation (150). Although up-regulation of NLRP3 expression is required, but not
sufficient for the inflammasome activition (150). Several stimuli have been shown to serve
as second signal for the activation of NLRP3 inflammasome. The exact mechanism by that
the huge varieties of activators lead to the auto-activation of caspase-1 is not fully clarified
yet.

To date three major pathways have been implicated in NLRP3 inflammasome
activation: 1. ROS production, 2. lysosomal disintegration and 3. potassium efflux. The
recent knowledge about the NLRP3 activation is summarized in Figure 10. Since NLRP3
inflammasome can be activated by several, not even alike ligands, the theory that those
stimuli can activate the NLRP3 inflammasome via ROS production as a common
pathogenic pathway is attractive. Several groups have reported that ROS scavengers
suppress inflammasome activation (149,154,155,156). Mitochondria can serve as source of
ROS (149), and NADPH oxidase may also contribute, since the blockage of NADPH
oxidase inhibits inflammasome activation (150). Furthermore, both large particles (157)
and ATP (152) induce ROS production. However, how can ROS induce inflammasome
activation has not been clarified yet. Recently, the ROS-dependent release of thioredoxin-

interacting protein (TXNIP) from thioredoxin and direct interaction between TXNIP and
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NLRP3 has been described (153). Notably, some ligands that lead to ROS production, does
not lead to inflammasome activation (158).

The second pathway of inflammasome activation is induced by crystals or large
particles such as silica, ashestos, alum, amyloid, monosodium urate, cholesterol (126-134).
The particles are phagocytosed and after the fusion of the phagosome and lysosome, the
breakdown of the phagolysosomal membrane results in the release of lysosomal content
into the cytoplasm inducing inflammasome activation. The role of cathepsin B, a
lysosomal protease has been implicated in the NLRP3 activation (131). Notably, caspase-1
activation by large particles is not impaired in cathepsin B-deficient macrophages (159).

The third pathway is via potassium efflux. Extracellular ATP can stimulate the
P2X7 purinergic receptor that in turn results in potassium efflux and the recruitment of
pannexin. The later one is a membrane pore that allows the delivery of extracellular
PAMPs and DAMPs into the cytosol (139).

NLRC4 inflammasome

NLRC4 (IPAF) inflammasome is activated by the flagellin of Gram-negative
bacteria including Salmonella typhimurium, Pseudomonas aeruginosa and Legionella
pneumophila and some Gram positive flagellated bacteria such as Listeria monocytogenes
(143-146). On the other hand, NRLC4 can be activated by non-flagellated bacteria as well,
including the Gram negative Shigella flexneri (144). The steps of NRLC4 inflammasome

activation are not explored yet.

AIM2 inflammasome

Muruve et al. described that bacterial, viral and mammalian host DNA can trigger
caspase-1 activation. Later AIM2, a HIN200 protein has been identified as a cytosolic
dsDNA sensing inflammasome (147,148). It was the first description of a non-NLR family
member that forms inflammasome complex and lead to caspase-1 activation. Since then, it
has been shown that RIG-1 also can trigger caspase-1 activation via the adaptor molecule

ASC (160).
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AIM2 is also unique in terms of that direct ligand binding has been proven (147). It
is important in the recognition of bacterial DNA, DNA viruses and may also contribute to

the pathogenesis of autoimmune diseases by recognizing mammalian DNA (161).

The characterization of other NLRs and the exact pathomechanism leading to

inflammasome activation is still awaited.
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Figure 10. Signaling transduction pathways of inflammasome activation

2.2.3.5. Inflammasome expression in the liver

The expression of inflammasomes and subcellular localization of the different
NLRs varies between tissues (159). Early studies showed highest expression of NLRP3
(CIAS1) and NLRP1 (NAC) in peripheral blood leukocytes, while the liver showed
relatively low levels (162,163). The liver expresses NLRP1, 2, 3, 6, 10, 12 and NLRC4 at

the mRNA levels (164). The expression of PRRs is lower in solid organs compared to
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spleen likely due to the lack of higher number of splenic immune cells (164,165).
However, human livers express higher level of NLRP10 (164), while murine livers are
high in NLRP6 expression (164) compared to the spleen. The significance of these NLRs
IS yet to be evaluated.

The liver is comprised of both parenchymal (hepatocytes) and immune cells
(macrophages, dendritic cells, T-cells, NK/NKT-cells), where hepatocytes represent the
majority of the cell populations. The role of inflammasomes has been mostly studied in
immune cells, but there is increasing evidence that NLRs exist in non-immune cells as
well, including keratinocytes (159, 166), myoblasts (167), fibroblasts and endothelial cells
(168), osteoblasts (169), spinal cord motoneurons (170), pyramidal neurons and
oligodendrocytes (159).

The liver resident macrophages, Kupffer cells produce significant amount of IL-1p
that would suggest (171) the presence of inflammasomes, however, surprisingly, Kummer
et al. showed that certain macrophages, including Kupffer cells are negative for NLRP1
staining (159). The presence of NLRP3 inflammasome and/or inflammasome activation
has been also shown in sinusoidal endothelial cells (172) and stellate cells (173). However,

to our best knowledge, there are no published data on hepatocytes.

The NLRs are just one components of the inflammasome complex, most of the
inflammasome require an adaptor protein ASC, and the expression of caspase-1 is also
prerequisite of the inflammasome assembly. ASC is expressed in several tissues, including
hepatocytes and interlobular bile ducts (174), stellate cells (173). A marked, constitutive
expression of caspase-1 (ICE) has been reported in the liver (175). The cell-specific

expression of the inflammasome in the liver is shown as Figure 11.

Of course, the presence of inflammasome components is required but does not
necessarily mean the activation of the complex. We will discuss below the relevance of

inflammasomes in the different liver diseases.
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Figure 11. Expression of inflammasome components in the liver

2.2.3.6. Role of inflammasomes in liver diseases

The role of inflammasome activation has been implicated in several liver diseases
including acetaminophen-induced liver injury (176), ischaemia-reperfusion liver injury
(177), P.acnes plus endotoxin-induced liver injury model (178) and liver fibrosis (173).

There is increasing evidence that gut microbiota, increased gut permeability and
endotoxin play a crucial role in the pathogenesis of both alcoholic (ASH) and non-
alcoholic steatohepatitis (NASH) (60). Therefore, our aim was to explore the role of

inflammasomes in NASH.
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3. AIM OF THE THESIS

The aim of thesis was to explore the role of innate immunity in the pathogenesis of
NASH. The first part of the work focus on the role of the Gram negative bacterial wall
component endotoxin and its receptor, Toll-like receptor 4 in the development of diet-
induced steatohepatitis and fibrosis. The second part of the work was designed to
investigate the role of the pro-inflammatory cytokine IL-1B and the inflammasome
complexes that are responsible for the IL-1B-maturation in the pathogenesis of NASH.
Finally, with the third part of the work we aimed to explore the pathogenesis behind the

susceptibility of fatty liver to viral diseases.

3.1. To examine the role of toll-like receptor 4 signaling in the pathogenesis of NASH

There is increasing evidence that non-alcoholic steatohepatitis is accompanied with
increased gut permeability and increased serum endotoxin levels (80-85). Furthermore, our
group previously showed increased susceptibility to gut-derived endotoxin,
lipopolysaccharide (LPS) in steatohepatitis (44). Toll-like receptor 4 (TLR4) and MD2 are
the major receptors for LPS (99). Therefore the aims of the present study were:

+ To investigate the role of TLR4 and its adaptor MD2 in the development of diet-
induced hepatic fat accumulation, liver injury, inflammation and fibrosis. To perform
the experiments we employed wild type, TLR4- and MD2-deficient mice fed with

methinone-choline deficient (MCD) diet to induce steatohepatitis.

3.2. To examine the role of IL-1B and inflammasomes in the pathogenesis of NASH

The intracellular multiprotein complexes called inflammasomes are responsible for the
maturation of the pro-inflammatory cytokine IL-1p that plays important role in numerous
chronic and acute inflammatory diseases. Bacterial endotoxin, that has been implicated as
2" hit in the NASH pathogenesis, is a key factor of the inflammasome activation.
Therefore we aimed to investigate the role of the inflammasomes and IL-1p in the

pathogenesis of NASH. The aims in details were:
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% To test whether there is inflammasome activation and increased IL-1B production in
animal models of liver steatosis (ob/ob mice and short term high fat diet feeding) and
steatohepatitis (MCD diet-induced steatohepatitis and long term high fat diet feeding).

+ To test whether hepatocytes express the inflammasomes.

+ To explore potential inflammasome activators in steatohepatitis performing in vitro
experiments on immune cells (RAW macrophages and isolated murine liver
mononuclear cells) and hepatocytes (Hepa 1-6 cells and primary murine hepatocytes).

+ To investigate the clinical significance of the inflammasomes and IL-1 signaling in the
development of MCD diet-induced steatohepatitis using mice deficient in the following
genes: 1. ASC (inflammasome adaptor), 2. Caspase-1 (inflammasome effector), 3. IL-1
receptor.

+ To check the inflammasome expression in liver biopsy samples from NASH patients.

3.3. To examine the pathomechanism of decreased antiviral response in steatohepatitis

As we mentioned above, the co-morbidity of NASH with RNA viral infections,
such as hepatitis C and HIV virus remains a clinical challenge and the susceptibility of
fatty liver to virus-induced liver damage urges the better understanding of changes of
antiviral immune responses in steatotic livers. Therefore the aims of the present study
were:

+ To test the hypothesis that mice with steatohepatitis are more susceptible to virus
induced liver injury and if yes to explore the underlying pathomechanism. To perform
the experiment we employed mice fed with MCD diet to induce steatohepatitis and
challenged them with Poly I:C to mimic viral infection. We evaluated the liver injury
using biochemical and histological methods.

+ To investigate whether mice with steatohepatitis have impaired antiviral immunity to
viral challenge and explore the underlying pathomechanism. To perform the
experiment we used the MCD-diet induced animal model of steatohepatitis, challenged
the mice with Poly I:C as a mimic of viral infection and evaluated the mounted
antiviral response including interferon and cytokine production. In addition we

investigated the intracellular signaling cascade step by step induced by Poly I:C.
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4. MATERIALS AND METHODS

4.1 Animal studies

This study was approved by Institutional Animal Use and Care Committee

(IACUC) at University of Massachusetts (UMASS) Medical School.
Six-eight week-old C57BI/6 wild type (wt) mice (n=6-16/group) were fed with either
methionine-choline deficient (MCD) diet for 5 or 8 weeks; or high fat diet (HFD; Harlan
Laboratories Inc., South Easton, MA, USA) for 4 weeks or 9 months. Control mice
received either an MCD-identical, but DL-methionine (3 g/kg) and choline bitartrate (2
a/kg) supplemented (MCS) diet (Dyets Inc., Bethlehem, PA, USA), or regular rodent chow
diet. We also used 9 weeks old, female leptin deficient (ob/ob; B6.V-Lep ob/J from
Jackson Laboratories) mice with their own age and gender-matched control group
(C57BI/6J). All mice had unrestricted access to water. The presence of steatohepatitis was
proven histologically in the MCD diet-fed mice, while fat deposition was proven by liver
triglyceride assay in the HF diet fed mice and the ob/ob mice.

TLR4 ligand lipopolysaccharide (LPS) (Sigma, St. Louis, MO, USA; 0.5mg/bwkg
to MCS/MCD mice; 12ug/mouse to ob/ob mice) or TLR3/RLR ligand
polyinosinic:polycytidylic acid (Poly I:C) (InvivoGen, San Diego, CA, USA), a synthetic
double stranded RNA (5mg/bwkg); or TLR9 ligand CpG-ODN (InvivoGen, San Diego,
CA, USA), (5mg/bwkg) were injected intaperitoneally for 2 or 6 hours.

The following knock-out mice were used: MD-2, TLR4-, MyD88-, ASC-, caspase-
lor IL-1R-defcient mice with their appropriate controls. Furthermore wild type (WT) mice
transplanted with MyD88-deficient bone marrow (WT/MyD88) and MyD88-deficient
mice transplanted with WT bone marrow (MyD88/WT) were employed.

4.2 Biochemical analysis and cytokine measurements
Serum alanine aminotransferase (ALT) was determined using a kinetic method (D-
TEK, Bensalem, PA, USA), liver triglyceride levels were assessed using L-Type

Triglyceride H kit (Wako Chemicals USA Inc., VA, USA). Serum TNFa, IL-6 and IL-1
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levels were determined by BD™ Cytometric Bead Array (BD Biosciences, Sparks, MD,
USA), serum IFNPB and HMGBI protein levels were measured by ELISA (PBL Biomedical
Laboratories, Piscataway, NJ, USa and IBL Transatlantic, Toronto, Canada;
respectively). Liver thiobarbituric acid reactive substances (TBARS) were assayed using
whole liver homogenates and Oxi-TEK TBARS assay kit (ZeptoMetrix Corp., Buffalo, NY,
USA).

4.3 Histopatological analysis

Sections of formalin-fixed, paraffin-embedded livers were stained with: 1)
hematoxylin and eosin to assess histological features of steatohepatitis, 2) picro-sirius red
stain to evaluate for hepatic collagen deposition. OilRed O tissue staining method on OCT-
embedded frozen sections was used to quantify the steatosis. Liver sections were also
subject to immunohistochemical staining for macrophages with monoclonal F4/80
antibody (Abcam, Cambridge, MA) and a-smooth muscle actin with a monoclonal
antibody against a—smooth muscle actin (Lab Vision Corporation, Fremont, CA) using a
labeled streptavidin-biotin immunoenzymatic antigen detection system (UltraVision Mouse
Tissue Detection System Anti-Mouse-HRP/DAB, Lab Vision Corp). Image J and Microsuite
software (Olympus Soft Imaging Solutions GmbH, Munster, Germany) was used for image

analysis at indicated magnification on 20 high-power fields.

4.4 RNA analysis

RNA was purified using the RNeasy kit (Qiagen Sciences, Maryland, USA) and on-
column DNA digestion. cDNA was transcribed with the Reverse Transcription System
(Promega Corp., Madison, WI). Real-time quantitative polymerase chain reaction was
performed using iCycler (Bio-Rad Laboratories Inc., Hercules, CA); primer sequences are
shown in Table 1. All specific mMRNA levels were normalized against the housekeeping

gene, 18S, in the same sample.
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4.5 Protein analysis

4.5.1 Preparation of cell lysates

Whole liver lysates were extracted from frozen liver using RIPA buffer (Boston
Bioproducts, Ashland, MA, USA). Isolation of mitochondrial and cytosolic fraction from
fresh liver tissue was based on the principle of differential centrifugation using
Mitochondrial Extraction kit (Imgenex Co., San Diego, CA, USA).

4.5.2 SDS-PAGE electrophoresis

Whole liver, cytoplasmic or mitochondrial extracts were prepared. Samples with
equal amounts of protein were separated in polyacrylamide gel, and proteins of interest
were identified on the nitrocellulose membrane with specific primary antibodies followed
by horseradish peroxidase—labeled secondary antibodies and chemiluminescence assay.
The following antibodies were employed: MAVS (Santa Cruz Biotechnology Inc.; Cell
Signaling), cytochrome c¢ (Imgenex), caspase-1 pl0 (Santa Cruz Biotechnology Inc.),
cleaved caspase-8 (Imgenex), RIP3 (Abcam), PSMA7 (Abcam), HMGB1 (Abcam),
phoshoserine (Abcam), IRF3 (Cell Signaling), phospholRF3 (Cell Signaling), IL-1p
(R&D), B-actin (Abcam), B-tubulin (Abcam), Tim23 (BD Biosciences).

4.5.3 Native gel electrophoresis

Native PAGE Novex Bis-Tris Gel System (Invitrogen Life Science, Carlsbad, CA,
USA) was used. Liver samples were lysed using 5% Digitonin as mild detergent and
separated on Native PAGE Novex 3-12% Bis-Tris Gels. Proteins were transferred to
PVDF membrane, fixed with 8% acetic acid diluted in distilled water and identified with
specific primary antibodies followed by HRP labeled secondary antibodies and

chemiluminescence assay.

4.5.4 Immunoprecipitation
Whole liver lysates were precleared with anti-rabbit IgG beads followed by
overnight incubation with 5ug of the primary antibody (PSMA7 or MAVS) and

precipitated with IgG beads. The immunprecipitates were lysed and denatured using [-
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mercaptoethanol containing buffer and heating. The proteins were separated on
polyacrylamid gel, transferred to nitrocellulose membrane and detected by specific
antibodies (MAVS, PSMAY).

4.6 Functional assays

4.6.1 Caspase-activity assays

Caspase-1 activity was determined in freshly prepared whole liver lysates using
colorimetric assay. Caspase-1 activity analysis is based on the cleavage of substrate
WEHD-pNA (R&DSystems, Minneapolis, MN, USA).

Caspase-3 activity was determined in freshly prepared whole liver lysates using
colorimetric assay. Caspase-3 activity analysis is based on the cleavage of substrate
DECD-pNA (GenScript, Piscataway, NJ, USA).

4.6.2 NADPH activity assay
NADP+/NADPH concentrations from whole liver extracts with comparable protein
amounts were determined using EnzyChrom NADP+/NADPH assay kit (ECNP-100)

(BioAssay Systems, Hayward, CA), as manufacturer recommended.

4.6.3 Cytotoxicity assay
The lactate dehydrogenase (LDH) assay (Sigma-Aldrich, St. Louis, MO, USA) was
used to measure the amount of cytoplasmic LDH released into the medium as an indicator

of membrane integrity and cell viability.

4.7 In vitro experiments

Cell lines or primary cells were stimulated with LPS (100 or 1000ng/ml for 2, 6,
18hours), fatty acids (palmitic acid with BSA 0.33mM, 0.165mM; oleic acid 0.66mM,
0.33mM; linoleic acid 0.66mM, 0.33mM for 2,6,18,24,36 hours) or their combinations
with or without ZVAD (40uM). Poly I:C (10pg/ml) was used to stimulate hepatocytes with
or without Lipofectamin 2000 (6 hours.)
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4.7.1 Cell lines
Hepal-6 mouse hepatoma cell-line and RAW 264.7 mouse leukemic monocyte-

macrophage cell-line were employed.

4.7.2 Primary cells

Animals received anesthesia with ketamine (100 mg/kg) and xylazine (10 mg/kg);
the livers were perfused with Hank’s balanced saline solution (HBSS) followed by in vivo
digestion with 0.33 mg/ml Liberase RI Enzyme (F. Hoffmann-La Roche Ltd; Basel
Switzerland) in HBSS. The LMNCs and hepatocytes were purified from whole liver cell
suspension obtained after tissue disruption using centrifugation at slow speed (500g).
Hepatocytes were washed twice with 2% fetal bovine serum (FBS) containing PBS and
were plated on collagen-coated plates. The LMNCs were further purified by subsequent
isolation in Percoll 40/70 gradient density at 800g and harvested from the gradient

interface. Purity of cell population was assessed by gPCR.

4.8 Flow cytometry analysis

Liver mononuclear cells were washed in saline supplemented with 2% fetal bovine
serum (FBS) and stained for surface NK cell marker NK1.1 (BD Bioscience, San Jose,
CA). In some experiments LMNCs were stimulated with a cocktail of PMA (50 ng/ml),
ionomycin (1pg/ml), and brefeldin A (10pg/ml) in RPMI1640+10% FBS for 4 hours and
stained for CD68 and intracellular TNFa using specific fluorescent labeled antibodies and
CytoFix/CytoPerm Kit (BD Bioscience, San Jose, CA). The cells were gated by size and

granularity and their fluorescence was analyzed using the LSR flow cytometer.

4.9 Human liver samples

The study meets the ethical guidelines of the 1975 Declaration of Helsinki and was
approved by the Committee for the Protection of Human Subjects in Research at the
University of Massachusetts. All participants gave a written consented to participate in the
study.
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Human liver tissue was obtained from biopsies from six (2 males and 4 females; age: 45+8
years), clinically and biopsy-proven NASH patients. The histology showed steatosis (<1/3
hepatocytes: n=2, 1-2/3 hepatocytes: n=3, >2/3 hepatocytes: n=1) with rare hepatocyte
ballooning (none: n=2, <1/3 hepatocytes: n=4) and inflammation with inflammatory score
1-4. Lobular inflammation was present in 5 patients. Fibrosis was not detected in any of
the patients. Human liver tissue from chronic hepatitis C infected patients (n=5) were used
as diseased controls. Human normal liver (n=4) total RNA was purchased from OriGene
Technologies (Rockville, MD, USA)

4.10 Statistical analysis
Statistical significance was determined using the nonparametric Kruskal-Wallis

test, Mann-Whitney tests, where appropriate. Data are shown as mean + standard error and

were considered statistically significant at p< 0.05.
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5. RESULTS

5.1 Deficiency in myeloid differentiation factor-2 (MD2) and toll-like receptor 4

(TLRA4) expression attenuates non-alcoholic steatohepatitis and fibrosis in mice

5.1.1 MD-2 or TLR4 protects from MCD diet-induced liver fat deposition and

inflammation

MD-2 and TLR4 complex is the major receptor for endotoxin (179) that has been
shown to contribute to activation of the inflammatory cascade in alcoholic steatohepatitis
(ASH) leading to liver damage. Given the common pathophysiological features of ASH
and NASH, we aimed to identify the role of MD-2/ TLR4 complex in an experimental
model of NASH using mice deficient in MD-2 or TLR4 and their genotype control
counterparts. Feeding a methionine-choline-sufficient (MCS) diet resulted in no signs of
hepatic steatosis or inflammation in any of the mice (Figure 12-16). In contrast, mice of
control genotypes fed a methionine-choline-deficient (MCD) diet for 8 weeks developed
significant hepatic steatosis; MD-2- and TLR4-deficient mice on MCD diet showed lower
liver fat accumulation, identified after OilRed O staining, compared to the mice of control
genotypes (Figure 12). Consistent with the development of hepatic steatosis, liver
triglyceride levels were significantly increased in MCD-diet-fed control genotype mice but
to a significantly lower extent in MD-2- or TLR4-deficient mice (Figure 13). These
findings suggested that TLR4/MD2 complex deficiency is partially protective against

MCD-induced liver steatosis.
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Figure 12. Mice of control genotypes and those deficient (knock-out, KO) in TLR4 (TLR4
KO) and MD-2 (MD-2 KO) were fed methionine-choline-deficient (MCD) or methionine-
choline-sufficient (MCS) diets for 8 weeks. Liver tissue was subjected to H&E (top panel)
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and OilRed O (bottom panel), one representative slide from n=6-16/group is shown.
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Figure 13. Mice of control genotypes and those deficient (knock-out, KO) in TLR4 (TLR4
KO) and MD-2 (MD-2 KO) were fed methionine-choline-deficient (MCD) or methionine-
choline-sufficient (MCS) diets for 8 weeks. Liver triglycerides were determined as

described in the Methods. (*) represents p<0.05 compared to corresponding MCS group;

n=6-16/group

Feeding of MCD diet lead to accumulation of inflammatory cells into the liver in
mice of control genotypes, and to a lesser extent in MD-2- or TLR4-KO mice, as indicated

by the increase in content of F4/80+ cells in the livers of MCD-fed animals, compared to

MCS diet-fed controls (Figure 14).
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F4/80 immunohistochemistry (200x)

C57BI/6 controls TLR4 KO Littermates controls MD2 KO

Figure 14. Mice of control genotypes and those deficient (knock-out, KO) in TLR4 (TLR4
KO) and MD-2 (MD-2 KO) were fed methionine-choline-deficient (MCD) or methionine-
choline-sufficient (MCS) diets for 8 weeks. Liver tissue was subjected to F4/80

immunohistochemistry, one representative slide from n=6-16/group is shown.

Further, the proportion of TNFa-producing CD68+ macrophages was increased in
MCD-fed compared to MCS-fed genotype controls (Figure 14). More importantly, TLR4
deficiency protected from MCD diet-induced accumulation of the TNFa-producing CD68+

macrophages in the liver (Figure 15).
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Figure 15. Mice of control genotypes and those deficient (knock-out, KO) in TLR4 (TLR4
KO) and MD-2 (MD-2 KO) were fed methionine-choline-deficient (MCD) or methionine-
choline-sufficient (MCS) diets for 8 weeks. Liver macrophages were isolated and stained

42



DOI:10.14753/SE.2012.1767

for TNFo and the macrophage marker CD68 (ED-1) after cell permeabilization; FACS
analysis of changes in frequency of TNFa/CD68 double-positive cells compared to MCS-
fed genotype control is shown. (*) represents p<0.05 compared to corresponding MCS
group; (#) p<0.05 compared to TLR4 KO MCD group; n=6-16/group

A significant increase in serum alanine aminotransferase (ALT), suggesting on-
going liver damage, was observed in the MCD-diet-fed control genotype mice, and this
correlated well with the steatohepatitis; however, the ALT increase was significantly
attenuated in MD-2- and TLR4-deficient mice (Figure 16).
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Figure 16. Mice of control genotypes and those deficient (knock-out, KO) in TLR4 (TLR4
KO) and MD-2 (MD-2 KO) were fed methionine-choline-deficient (MCD) or methionine-
choline-sufficient (MCS) diets for 8 weeks. Serum alanine aminotransferase (ALT) values
were determined as described in the Methods. (*) represents p<0.05 compared to

corresponding MCS group; n=6-16/group

TNFa has been suggested as a central pro-inflammatory cytokine that is produced
by activated inflammatory cells and mediates insulin resistance and hepatocyte apoptosis
in liver disease (180,181). Consistent with activation of the inflammatory cascade, serum

TNFa level was increased in MCD-diet-fed control genotype mice compared to the MCS-
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diet-fed controls (Figure 17). In contrast, MCD-induced TNFa was significantly lower in
MD-2- or TLR4-deficient MCD diet-fed mice (Figure 17). These data suggested that
TLR4/MD2 complex deficiency is partially protective against MCD-induced liver

inflammation and damage.
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Figure 17. Mice of control genotypes and those deficient (knock-out, KO) in TLR4 (TLR4
KO) and MD-2 (MD-2 KO) were fed methionine-choline-deficient (MCD) or methionine-
choline-sufficient (MCS) diets for 8 weeks. Serum TNFo. level was determined using the
Multiplex assay. (*) represents p<0.05 compared to corresponding MCS group; n=6-
16/group

5.1.2 MD-2 and TLR4 deficiency attenuates oxidative stress

Increased lipid peroxidation and oxidative stress are key in development of
steatosis in non-alcoholic fatty liver disease (182). We identified significantly higher
levels of liver thiobarbituric acid substances (TBARS), indicative of lipid peroxidation, in
MCD-diet compared to the MCS diet-fed genotype control mice (Figure 18). Consistent
with our hypothesis that MD2/TLR4 complex plays a role in NASH, we found
significantly reduced induction of TBARS in the livers of MCD-diet-fed MD-2- and
TLRA4-deficient mice (Figure 18).
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Figure 18. Mice of genotype control, TLR4 KO, and MD-2 KO were fed methionine-
choline-deficient (MCD) or methionine-choline-sufficient (MCS) diets for 8 weeks. Liver
TBARS levels were analyzed as described in Methods. (*) represents p<0.05 compared to
corresponding MCS group; n=6-16/group

NADPH oxidases play an important role in the generation of reactive oxygen radicals
(183,184). The classic NADPH complex is composed of at least six components, which
include two trans-membrane flavocytochrome b components (gp91phox and p22phox) and
four cytosolic components (p47phox, p67phox, p40phox and Rac-1 protein) (184). TLR4-
mediated signals are strong inducers of NADPH transcription and functional activity (183).
Investigation of NADPH oxidase expression revealed a significant upregulation of the
cytoplasmic components of the NADPH oxidase, including p47phox (Figure 19A) and
p67phox (Figure 19B), in MCD-diet-fed animals of control genotypes. The membrane-
associated components of the NADPH complex, gp91phox (Figure 19C) and p22phox
(Figure 19D), were also up-regulated at the mRNA level in the livers of MCD-diet-
compared to the MCS diet-fed mice of control genotypes. Deficiency in MD-2 or TLR4
abrogated the MCD-induced up-regulation of all of the NADPH oxidase subunits (Figure
18A-D), suggesting that NADPH-mediated oxidative stress is dependent on MD-2 and

TLR4 expression in this model.
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Figure 19. Mice of genotype control, TLR4 KO, and MD-2 KO were fed methionine-
choline-deficient (MCD) or methionine-choline-sufficient (MCS) diets for 8 weeks.
Expression of liver p47phox (B), p67phox (C), gp91phox (D), and p22phox (E) were
quantified by qPCR using specific primers and normalization against housekeeping gene,

18S. (*) represents p<0.05 compared to corresponding MCS group; n=6-16/group

To test for the biological significance of the mRNA increase in the NADPH
subunits, we evaluated the NADPH oxidase activity. Consistent with the increased mRNA
levels of NAPDH oxidase complex components, NADPH oxidase activity was elevated, as
suggested by increased NADP+/NADPH ratio in livers of MCD-fed compared to MCS-fed
mice of control genotypes (Figure 20). More importantly, we identified that both TLR4-
KO and MD2-KO mice were protected from the MCD diet-induced activation of NADPH
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oxidase (Figure 20). Collectively, these results indicated that MD-2/TLR4 complex—
induced signals contribute to liver pathology via NADPH-dependent lipid peroxidation and
oxidative stress in the MCD-diet-induced NASH model.
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Figure 20. Mice of genotype control, TLR4 KO, and MD-2 KO were fed methionine-
choline-deficient (MCD) or methionine-choline-sufficient (MCS) diets for 8 weeks.
NADPH oxidase activity was determined by measuring NADP+/NADPH ratios, was
performed as described in Methods (*) represents p<0.05 compared to corresponding

MCS group; n=6-16/group

5.1.3 MD-2 and TLRA4 deficiency protects from NASH-associated liver fibrosis

A key clinical challenge in human NASH is its progression to fibrosis and cirrhosis (185).
In contrast to livers of MCS-diet-fed control genotype animals, Sirius red (Figure 21,22) and alpha
smooth muscle actin (aSMA) immunohistochemistry (Figure 23) staining revealed that
administration of MCD diet resulted in signs of fibrosis (Figure 21-23). On the contrary, we found
no substantial Sirius red (Figure 21,22) or aSMA staining (Figure 23) in either MD-2- or TLR4-
deficient MCD-diet-fed mice. Genes associated with fibrosis, including aSMA, procollagen-1 and
TGEFp (Figure 24A,B,C, respectively), were significantly upregulated at the RNA level in MCD-
diet-fed control genotypes, but not or less extent in MD-2 and TLR4 deficient mice.
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Sirius Red staining

C57BI/6 controls TLR4 KO Littermates controls MD2 KO

Figure 21. The livers of MCD- and MCS-diet-fed genotype controls, MD-2 KO and TLR4

KO mice were stained with Sirius red; shown here are representative pictures from n=6-
16/group.
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Figure 22. The livers of MCD- and MCS-diet-fed genotype controls, MD-2 KO and TLR4

KO mice were stained with Sirius red. Sirius red positive areas were quantified using
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Image J software (B). (*) represents p<0.05 compared to corresponding MCS group; n=6-

16/group

Alpha smooth muscle actin immunohistochemistry
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Figure 23. The livers of MCD- and MCS-diet-fed genotype controls, MD-2 KO and TLR4
KO mice were stained with alpha smooth muscle actin (aSMA) immunohistochemistry;

shown here are representative pictures from n=6-16/group.
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Liver fibrosis involves inflammation-driven tissue remodeling; matrix
metalloproteinases (MMP) and their specific tissue inhibitors (TIMPS) closely regulate the
metabolism of the extracellular matrix (186,187). The expression of matrix
metalloproteinase 2 (MMP-2) (Figure 25A) and the tissue inhibitor of matrix
metalloproteinases-1 (TIMP-1) (Figure 25B) were increased in livers of MCD- compared
to MCS-diet-fed mice of control genotypes; the induction of these genes was significantly

attenuated in the absence of MD-2 or TLR4 expression.
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Figure 25. The livers of MCD- and MCS-diet-fed genotype controls, MD-2 KO and TLR4
KO mice were analyzed for MMP-2 (A) and TIMP-1 (B) expression by gPCR using
specific primers and normalization against housekeeping gene, 18S; (*) represents p<0.05

compared to corresponding MCS group; n=6-16/group
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5.2 Fatty acids and endotoxin activates the inflammasome in non-alcoholic
steatohepatitis

Given the role of endotoxin and TLR4, and the fact that there is crosstalk between
TLR and NLR signaling, furthermore, that endotoxin is a known activator of
inflammasomes, next step we aimed to investigate the role of inflammasomes in the

pathogenesis of NASH.

5.2.1 MCD diet-induced steatohepatitis is associated with increased IL-18

production and inflammasome activation in the liver

The MCD diet model of non-alcoholic steatohepatitis (NASH) is characterized by steatosis
and prominent inflammation indicated by increased inflammatory cell infiltrates in the
liver and elevated serum pro-inflammatory cytokine levels (1). Here we found that among
other pro-inflammatory cytokines (44) the levels of serum IL-1B (Figure 26A) as well as
hepatic IL-1 mRNA (Figure 26B) were significantly increased in the livers of MCD diet-
fed mice compared to MCS controls. IL-1p is cleaved from pro-IL-1 by caspase-1 that is
activated by the inflammasome complex (117). Thus, we tested expression of the
inflammasome components, NALP3, pro-caspase-1 and the NALP adaptor molecule, ASC,
and found that all were up-regulated at the mRNA levels in livers of mice with MCD
compared to MCS diet feeding (Figure 27). Association of NALP3 with procaspase-1 via
the adaptor molecule ASC results in auto-activation of the inflammasome complex and
activation of caspase-1 that cleaves IL-1 (117). Caspase-1 activity was significantly
increased in livers of MCD diet-fed mice compared to MCS controls (Figure 28A).
Consistent with increased inflammasome expression and caspase-1 activation, the levels of
mature IL-1B protein were increased in the liver (Figure 28B) of MCD diet-fed mice
compared to MCS controls. In addition to inflammation, there were increased triglyceride

levels in the liver of MCD diet-fed mice indicating steatosis (Figure 29).
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Figure 26. C57BI/6 mice were fed with methionine-choline-deficient (MCD) or —
supplemented (MCS) diet for 5 weeks. Serum (A) and liver mature IL-18 (B) were
determined. N=6 mice/group, (*) indicates p<0.05 vs. MCS
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Figure 27. C57BI/6 mice were fed with methionine-choline-deficient (MCD) or —
supplemented (MCS) diet for 5 weeks. Liver mRNA of NALP3 inflammasome complex

including NALP3, pro-caspase-1, ASC, pannexin-1 was determined. N=6 mice/group, (*)

indicates p<0.05 vs. MCS
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Figure 28. C57BI/6 mice were fed with methionine-choline-deficient (MCD) or —
supplemented (MCS) diet for 5 weeks. Functional activity of the inflammasome was
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Figure 29. C57BI/6 mice were fed with methionine-choline-deficient (MCD) or -
supplemented (MCS) diet for 5 weeks. Liver triglyceride levels were measured. N=6
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5.2.2 Long-term, but not short-term high fat diet feeding is associated with

inflammasome activation in the liver
Human NAFLD includes the spectrum of fatty liver and NASH. While the MCD diet
model induces NASH, high fat diet results in steatosis after 4 weeks and evidence of

inflammation occurs after prolonged HFD feeding (188,189). Consistent with this, we

observed an increase in liver TNFa-expression (Figure 30) only in livers with 9-month and

not with 4-week HFD feeding.
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Figure 30. C57/BI6 mice were fed with high fat diet (HFD) or control diet for 4 weeks or 9
months. Liver mRNA of TNFa was determined by gPCR. N=6 mice/group, (*) indicates

p<0.05 vs. corresponding control group.

We found that 4-week HFD resulted in no increase in inflammasome expression
(Figure 31A), while 9-month HFD induced significant up-regulation of the NALP3
inflammasome (NALP3, ASC, caspase-1, pannexin-1, IL-1B) complex at the mRNA level
(Figure 31B).
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Figure 31. C57/BI6 mice were fed with high fat diet (HFD) or control diet for 4 weeks or 9
months. Liver mRNA of IL-1f and NALP3 inflammasome complex including NALP3, pro-
caspase-1, ASC, pannexin-1 was determined after 4-week (A) and 9-month (B) HFD
feeding. Functional activity of the inflammasome was evaluated by measuring caspase-1
activity (C) and liver mature IL-1p protein levels (D). Liver triglycerides were measured

(E). N=6 mice/group, (*) indicates p<0.05 vs. corresponding control group.

Inflammasome activation was indicated by increased caspase-1 activity (Figure
32A) and higher liver mature IL-1pB protein levels (Figure 32B) in 9-month but not in 4-

week HFD groups compared to their corresponding controls.
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Figure 32. C57/BI6 mice were fed with high fat diet (HFD) or control diet for 4 weeks or 9
months. Functional activity of the inflammasome was evaluated by measuring caspase-1
activity (A) and liver mature IL-18 protein levels (B). (*) indicates p<0.05 vs.

corresponding control group.

Increased liver triglyceride levels indicated fat accumulation in MCD (Figure 30)
and 9-month HFD feeding (Figure 33). There was no significant difference in liver
triglycerides (TG) in 4-week HFD compared to control groups (Figure 33); notably this
control group had significantly higher TG levels compared to other control groups.
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Figure 33. C57/BI6 mice were fed with high fat diet (HFD) or control diet for 4 weeks or 9

months. Liver triglyceride levels were measured. N=6 mice/group, (*) indicates p<0.05 vs.
MCS

Liver steatosis without features of inflammation is also prominent in leptin
deficient (ob/ob) mice (190). We found no inflammasome activation in ob/ob mice
compared to their controls (Figure 34,35) and in vivo LPS challenge failed to induce

accelerated inflammasome activation in ob/ob mice compared to controls (Figure 34,35).
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Figure 34. Liver mRNA of NALP3 inflammasome complex including NALP3 (A), ASC (B),
caspase-1 (C) and pannexin-1 (D) was determined in leptin deficient (B6.V-Lep ob/J ;
ob/ob) and C57/BI6J control mice. All the experiments were repeated after 2h LPS
challenge (i.p. (A-F).) N=5 mice/group, (*) indicates p<0.05 vs. corresponding control

group.
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Figure 35. Liver mRNA of IL-15 (4) was determined in leptin deficient (B6.V-Lep ob/J ;
ob/ob) and C57/BI6J control mice. Functional activity of the inflammasome was evaluated
by measuring liver mature IL-18 protein levels (B). All the experiments were repeated after
2h LPS challenge (i.p. (A-F).) N=5 mice/group, (*) indicates p<0.05 vs. corresponding

control group.

5.2.3 Increased inflammasome expression in human NASH

To validate observations from the mouse models, we next evaluated human livers. There
was a significant increase in inflammasome gene expression including NALP3, pro-
caspase-1, ASC and pannexin-1 in livers from NASH patients compared to healthy
controls (Figure 36). This observation in human NASH corroborated the inflammasome
activation in the mouse models of NASH. Liver samples from chronic HCV infected
patients also showed increased inflammasome expression, however, to a lower extent than
NASH livers (Figure 36.)
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Figure 36. The mRNA expression of NALP3, ASC, pro-caspase-1 and pannexin-1 were
measured by gPCR in livers NASH patients compared to commercially available normal
human liver RNA (n=4), and to liver samples from HCV-infected patients. (*) indicates

p<0.05 vs. control.

5.2.4 LPS induces uprequlation of the inflammasome in the liver

Inflammasome activation requires two signals, usually consisting of a combination of an
endogenous danger signal and a TLR ligand (117,191,192). The pathogenesis of NASH
has also been linked to two “hits” (56). It has been suggested that endotoxin (LPS),
presumably gut-derived, usually acts as a potent 2" hit and aggravates liver injury
(44,80,81). Here we tested whether the inflammasome could be further activated by
TLR4/LPS in steatohepatitis. In vivo stimulation with the TLR4 ligand, LPS, lead to up-
regulation of the hepatic inflammasome components NALP3, IL-13 at the mRNA level
(Figure 37A,B), and increased IL-1pB protein in the liver (Figure 37C) in both MCD and
MCS diet-fed mice. We also noted significantly higher induction of the inflammasome in
MCD compared to MCS diet-fed mice after LPS challenge. Together, these data suggested

60



DOI:10.14753/SE.2012.1767

that NASH is associated with inflammasome activation as well as sensitization to LPS-

induced upregulation inflammasome function.
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Figure 37. C57/BI6 mice were fed with MCD or
MCS diet for 5 weeks and injected with LPS ip.
for 2 hours. Hepatic NALP3 (A) and IL-18 (B)
MRNA expression were analyzed by qPCR, while
mature IL-1f protein levels were measured by
ELISA (C). N=6 mice/group, (*) indicates
p<0.05 vs. MCS at baseline, (#) indicates
p<0.05 vs. MCS after LPS stimulation.

5.2.5 Inflammasome is uprequlated in hepatocytes in NASH

The liver is composed of both parenchymal (hepatocytes) and immune cells (macrophages,

among others), where hepatocytes represent the majority of the cell populations.

Inflammasome expression and activation has been mostly studied in innate immune cells

(117); to date the expression and the role of inflammasome in parenchymal liver cells is

largely unknown. Here, we sought to evaluate whether inflammasome activation occurs in
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hepatocytes. We found that primary hepatocytes of MCD diet-fed mice showed increased
expression of NALP3, ASC, pro-caspase-1, pannexin-1 and pro-IL-1beta mRNA
compared to controls (Figure 38A), but not the liver mononuclear cells (Figure 38B).
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Figure 38. C57/BI6 mice were fed with methionine-choline-deficient (MCD) or -
supplemented (MCS) diet for 5 weeks. Primary hepatocytes and liver mononuclear cells
(LMNCs) were isolated as described in the Methods. Hepatocyte (A) and LMNC (B) mRNA
of IL-18 and NALP3 inflammasome complex including NALP3, pro-caspase-1, ASC,

pannexin-1 was determined.
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The purity of the primary hepatocyte isolates was confirmed by high expression of aloumin
and lack of inflammatory cell markers: CD11b (monocytes, macrophages), F4/80
(macrophages), CD11c (dendritic cells), GFAP (stellate cells) (Figure 39).
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Figure 39. The purity of the primary hepatocyte isolates was confirmed by measuring
MRNA expression of inflammatory cell markers: CD11b (monocytes, macrophages), F4/80
(macrophages), CD11c (dendritic cells), GFAP (stellate cells) and albumin as a hepatocye

marker; liver mononuclear cells and total liver were used as controls.

5.2.6 Fatty acids and LPS induce inflammasome activation in hepatocytes and

mononuclear cells

Both circulating fatty acids and gut-derived endotoxins (LPS) contribute to the
pathogenesis of NASH (1,56). We found increased serum endotoxin levels in mice with
steatohepatitis suggesting that gut-derived LPS, a TLR4 ligand, is present in this model of
NASH (Figure 40). We also found that both MCD and HFD diet feeding resulted in

significant steatosis indicated by increased hepatic triglyceride levels (Figure 29, 33).
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Figure 40. C57/BI6 mice were fed with methionine-choline-deficient (MCD) or —
supplemented (MCS) diet for 5 weeks and primary hepatocytes were isolated as described

in the Methods. Serum endotoxin is shown as mean#SEM. N=4-6 mice/group.

Taking into account that fatty livers had elevated expression of inflammasome
components (Figure 27, 31) and this process occurred in hepatocytes (Figure 38A), next
we tested the effects of fatty acids and LPS on inflammasome expression in liver cells. In
vitro treatment revealed that palmitic acid, a saturated fatty, acid induced increased
expression of NALP3 mRNA in both Hepa 1-6 cells (used as prototypes for hepatocytes)
(Figure 41A) and in RAW macrophages (used as prototypes for liver macrophages)
(Figure 41B). In contrast, unsaturated fatty acids, oleic acid (Figure 41A,B) or linoleic
acid (Figure 41A,B) failed to increase the mRNA expression of NALP3 either in Hepa 1-6
cells or RAW macrophages, suggesting that the expression of constitutive inflammasome

components is activated exclusively by saturated fatty acids.
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Figure 41. Hepa 1-6 cells, used as prototypes for hepatocytes (A) and RAW macrophages
(B) used as prototypes for macrophages were exposed to satutared fatty acid palmitic acid
(0.165mM, 0.33mM), or unsaturated fatty acids, such as oleic acid (0.33mM, 0.66 mM)
and linoleic acid (0.33mM, 0.66mM). NALP3 mRNA expression was analyzed by gPCR.

(*) indicates p<0.05 vs. control.

Based on the novel observation in the cell line we sought to validate the results in
primary hepatocytes. Murine primary hepatocytes were treated with palmitic acid, LPS or
their combination (18 hours PA pretreatment followed by LPS). Palmitic acid or LPS alone
upregulated NALP3 mRNA expression in hepatocytes (p<0.01) (Figure 42A) and palmitic
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acid induced moderate increase in IL-1} protein secretion (Figure 42B). Significantly
higher levels and earlier IL-1[3 production was seen in hepatocytes with palmitic acid pre-
treatment followed by LPS stimulation (p<0.001) compared to PA or LPS treatment alone
suggesting sensitization in hepatocytes (Figure 42B).

Together, these results suggested that saturated fatty (palmitic) acid sensitizes the

inflammasome to LPS-induced IL-1R release in hepatocytes.
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Figure 42. Isolated hepatocytes from C57/BI6 mice on normal rodent diet were treated

with PA (0.33mM), LPS (1000 ug/ml) or their combination for 6 hours and NALP3 mRNA
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levels were determined by gPCR (A). IL- 18 protein levels in the supernatant of hepatocytes
were measured by ELISA following exposure to PA (0.33mM), LPS (1000 ug/ml) or their
combination for 2, 6 or 18 hours (B).

5.2.7 IL-1B production in hepatocytes occurs in inflammasome-dependent

(caspase-1) and inflammasome-independent (caspase-8-dependent)

To further evaluate the involvement of inflammasome in IL-18 induction by PA and LPS
in hepatocytes, we tested caspase-1 activation that results in cleavage of the 45 kDa
procaspase-1 to its enzymatically active form, a heterodimer of p20 and two p10 subunits
(117). We found that palmitic acid did not initiate caspase-1 cleavage while pre-treatment
with PA followed by LPS stimulation resulted in significant caspase-1 activation in
hepatocytes (Figure 43A). This pattern of caspase-1 activation mirrored the IL-18 release
after PA pre-treatment and LPS stimulation (Figure 42B) suggesting that functional
caspase-1 activation in hepatocytes requires signals from both saturated fatty acid and LPS.

The observation that palmitic acid alone induced IL-1R secretion (Figure 42B)
without extensive evidence of caspase-1 activation prompted us to evaluate alternative
mechanisms for IL-1 cleavage in hepatocytes. While pro-IL-1p cleavage is mostly a result
of inflammasome-mediated caspase-1 activation, it can also be cleaved by caspase-8 (193).
Indeed, we found that palmitic acid (194,195), but not LPS, resulted in caspase-8
activation and more importantly, caspase-8 activation was not increased by the
combination of palmitic acid and LPS. These results suggested that caspase-8 could be
involved in the IL-1B cleavage in PA-treated hepatocytes (Figure 43B).
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Figure 43. Isolated hepatocytes from C57/BI6 mice on normal rodent diet were treated
with PA (0.33mM), LPS (1000 ug/ml) or their combination. The activation of the
inflammatory caspase-1 and the apoptotic caspase-8 were determined by enzyme activity

assay (A: caspase-1 activity, B: caspase-8 activity). (*) indicates p<0.05 vs. control.

5.2.8 Palmitic acid-treated hepatocytes transmit danger signals and induce

inflammasome activation in liver mononuclear cells

In addition to IL-1 cleavage, caspase-8 is also induced in apoptosis (196,197). Our

observation of caspase-8 activation by palmitic acid (Figure 43B) along with the previous
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reports on induction of apoptosis of hepatocytes by saturated fatty acids (195-197)
prompted us to evaluate the mechanistic link between inflammasome activation and cell
death in NASH (Figure 43B, Figure 44). Increased LDH release in hepatocytes after PA
treatment indicated induction of cell death (Figure 44).
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Figure 44. Isolated hepatocytes from C57/BI6 mice on normal rodent diet were treated
with LPS (1000 ug/ml) or PA (0.33mM) for 18 hours. LDH release as a marker of cell
death was determined. (*) indicates p<0.05 vs. control.

We determined that up-regulation of NALP3 and IL-18 mRNA by PA was caspase-
dependent because these events were prevented by addition of the pan-caspase inhibitor,
ZVAD in hepatocytes (Figure 45A, 45B). This observation also suggested that damage-
associated molecules generated in apoptotic hepatocytes rather than palmitic acid itself

could contribute to inflammasome activation.
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Figure 45. Isolated hepatocytes from C57/BI6 mice on normal rodent diet were treated
with PA (0.33mM), LPS (1000 ug/ml) in presence or without pancaspase-inhibitor ZVAD
(40uM). Hepatocyte mRNA of NALP3 (A) and IL-18 (B) were analyzed by qPCR. (*)

indicates p<0.05 vs. control.

To further evaluate the role of hepatocyte-derived damage-associated molecules in
inflammasome activation and a potential cross-talk between hepatocytes and mononuclear
cells, we tested whether palmitic acid-treated hepatocytes could induce inflammasome

activation in inflammatory cells. Hepatocytes were treated with PA for 6 hours then
70



DOI:10.14753/SE.2012.1767

cultured in fresh media without PA. We found that these PA-free supernatants from PA-
pretreated hepatocytes induced upregulation of NALP3 (Figure 46A) and IL-1p (Figure
46B) mRNA in the LMNCs, suggesting that fatty acid-exposed hepatocytes can transfer
activation to surrounding immune cells. Transmission of hepatocyte-derived danger signals
to MNC was dependent on caspase activation in hepatocytes as suggested by lack of
LMNC activation with hepatocyte supernatants when ZVAD was added together with PA
to hepatocytes (Figure 46A,B).
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These results suggested that hepatocytes are the first target of FA and produce
inflammasome-mediated danger signals, which in turn activate macrophages in a caspase-

dependent manner.

5.2.9 ASC deficiency does not prevent liver injury and fat deposition in the MCD-
diet model of NASH
Next step we tested the physiological significance of inflammasome activation in NASH

using ASC (apoptosis-associated speck-like protein containing a CARD domain) KO mice.
The adaptor molecule ASC is responsible for the formation of inflammasome and bridges
the activated NLRs with pro-caspase-1 resulting in caspase-1 activation (117). It has been
reported using a cell-free system that ASC is required for caspase-1 activation and IL-1p
processing (198). Furthermore, ASC deficiency leads to impaired IL-1f processing in
response to LPS in THP-1 cells (199).

In contrast to our primary hypothesis the lack of ASC failed to prevent the development of
MCD-diet induced steatohepatitis, as suggested by presence of steatosis on histology
(Figure 47), comparable levels of liver triglyceride (Figure 48) and serum ALT (Figure
49) to the controls.
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In addition, ASC deficiency failed to prevent the production of mature IL-1p
(Figure 50) in the liver. Moreover, we detected caspase-1 activity (Figure 51) in the ASC
KO MCD-diet fed mice suggesting that inflammasome activation occurred despite of the

lack of the adaptor molecule ASC.
ASC is required for the formation of NALP3 and AIM2 inflammasome, and it is

crucial for NLRC4-caused caspase-1 and IL-1p activation (117). The possibility that more
than one inflammasome complexes are activated in NASH was raised, and the loss of one

inflammasome complex (eg. NALP3) could be compensated by others which do not

necessarily require ASC as an adaptor protein (eg. NALP1).
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Figure 51. Wild type and ASC knock-out (KO)
ASCKO mice were fed methionine-choline-deficient (MCD)
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5.2.10 Caspase-1 deficiency does not prevent liver injury and fat deposition in the
MCD-diet model of NASH

Whether dependent or independent of ASC the formation of the inflammasome
complex finally leads to cleavage of pro-caspase-1 to the active enzyme. Therefore, we
tested whether the deficiency of caspase-1 attenuates the MCD-diet- induced
steatohepatitis.

Surprisingly, the lack of caspase-1 also failed to prevent the MCD-diet-induced
steatohepatitis, indicated by the liver histology (Figure 52) and the high serum ALT
(Figure 53). The liver histology showed significant fat accumulation in the caspase-1 KO
animals on MCD diet, and the liver triglyceride content was only slightly decreased
compared to the WT controls. Furthermore, we found comparable level of hepatic mature
IL-1B protein (Figure 55) levels in the WT and caspase-1 KO mice. These results were
consistent with the data from ASC KO mice (Figure 47-51) and suggested that caspases

other than caspase-1 may cleave the pro-IL-1p during steatohepatitis.
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knock-out (KO) mice were fed
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weeks. Liver triglyceride levels were
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5.2.11 Caspase-8 as an alternate to cleave IL-1B

Caspase-8 is activated through the extracellular apoptotic pathway, which has been
reported crucial during NASH mainly via TRAIL. In addition, caspase-8 is capable to
cleave pro-IL-1f in parallel to caspase-1 (193), therefore we tested the levels of caspase-8
activity in our model. Significantly increased caspase-8 activation was found in MCD-diet
fed WT mice, which was present at comparable levels both in ASC KO (Figure 56A,B)
and caspase-1 KO mice (Figure 57A,B). These data suggested that caspase-8 could take
over the role of caspase-1, could cleave the pro-IL-1B and thus could explain why ASC or
caspase-1 deficiency does not prevent liver injury and steatosis in MCD diet-induced

steatohepatitis.

Cleaved (active) caspase-8 Caspase-8 activity assay

2.5 25
2 - , *
z 15 o 15
0.5 l I ¢ 05
o wT ASC-/ ¢ wWT ASC KO
Figure 56. Wild type and ASC knock-out (KO)
T ASCKO mice were fed methionine-choline-deficient
Eiﬁis s e3 m == (MCD) or -supplemented (MCS) diets for 6
B-tubulin ' ---""-"""""’" weeks. Active (cleaved) caspase-8 levels were
MG M Mes Mcp determined by Western blot (A) and caspase-8
L MICs activity assay (B). n=6/group, (*) indicates
W MCD p<0.05 vs. control
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Figure 57. Wild type and caspase-1 knock-

WT Caspase-1 KO . .. .
Cemeg out (KO) mice were fed methionine-choline-
- t . .
Caspase-8 X deficient (MCD) or -supplemented (MCS)
B-tubuli | 1 | -l
ubuiin. [ - - | diets for 6 weeks. Active (cleaved) caspase-
MCS MCD MCS MCD

8 levels were determined by Western blot
4 MCS (A) and caspase-8 activity assay (B).
Hmee n=6/group, (*) indicates p<0.05 vs. control

5.2.12 Interleukin-1 receptor deficiency attenuates hepatic steatosis, but does not

prevent MCD-diet-induced liver injury or fibrosis
Interleukin-1p is sensed by the interleukin-1 receptor (IL-1R), therefore to examine the

role of IL-1p in MCD-diet induced steatohepatitis, we fed WT and IL-1R KO mice with

MCD or MCS diet for 8 weeks. Recently, Miura et al. reported that IL-1R deficiency

reduced liver injury, steatosis and fibrosis in another, choline-deficient (CD) model of

steatohepatitis. Consistently we found attenuated steatosis in MCD-diet fed IL-1R KO

mice compared to WT controls, indicated by the liver histology (Figure 58) and liver

triglycerides (Figure 59). However, in contrast to the previous findings in CD-diet induced
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steatohepatitis, IL-1R deficiency failed to prevent liver injury in MCD-diet-fed mice. The

serum ALT levels (Figure 60) were even slightly higher in the IL-1R KO mice compared

to WT controls on MCD-diet. In addition, IL-1R deficiency also failed to prevent the

development of liver fibrosis induced by MCD-diet (Sirius Red staining: Figure 61, Alpha-

smooth muscle actin /aSMA/ immunohistochemistry: Figure 62, collagen mRNA: Figure

63)

Hematoxilin-eosin (200x)

WT

IL-1R KO

Figure 58. Wild type and IL-1R
knock-out (KO) mice were fed
methionine-choline-deficient
(MCD) or -supplemented (MCS)
diets for 8 weeks. Liver tissue was
subjected  to H&E. One
representative slide from
n=6/group is shown.
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Figure 59. Wild type and IL-1R
knock-out (KO) mice were fed
methionine-choline-deficient (MCD)
or -supplemented (MCS) diets for 8
weeks. Liver triglyceride levels were
measured. n=6/group, (*) indicates
p<0.05 vs. control
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Figure 60. Wild type and IL-1R
knock-out (KO) mice were fed
methionine-choline-deficient
(MCD) or -supplemented (MCS)
diets for 8 weeks. Serum ALT
levels were measured. n=6/group,
(*) indicates p<0.05 vs. control
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Figure 61. Wild type and IL-1R
knock-out (KO) mice were fed
methionine-choline-deficient

(MCD) or -supplemented (MCS)
diets for 8 weeks. Liver tissue was
subjected to Sirius Red staining.
One representative slide from

n=6/group is shown.
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Alpha smooth muscle actin («SMA )immunohistochemistry
IL-1R KO
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Figure 62. Wild type and IL-1R
knock-out (KO) mice were fed
methionine-choline-deficient (MCD)
or -supplemented (MCS) diets for 8
weeks. Liver tissue was subjected to
oSMA  immunohistochemistry. One
representative slide from n=6/group

is shown.

Fold change

Collagen mRNA in liver
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Figure 63. Wild type and IL-1R knock-
out (KO) mice were fed methionine-
choline-deficient (MCD) or -
supplemented (MCS) diets for 8 weeks.
Collagen mRNA levels were measured
by PCR in the liver. n=6/group, (*)
indicates p<0.05 vs. control
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5.3 Mitochondrial antiviral signaling protein defect links impaired antiviral

response and liver injury in steatohepatitis in mice

5.3.1 Type-l IEN induction is decreased in steatohepatitis in response to poly I:C

stimulation
Polyinosinic-polycytidylic acid (poly I:C), a synthetic double-stranded RNA (dsRNA), is a
surrogate for viral infection (200). Double stranded RNA is recognized by TLR3 and
helicase receptors and induces robust Type-I ..-N response leading to anti-viral immunity
(102). Antiviral responses to RNA are important in HCV and HIV infection (51,201). Here
we show for the first time that poly I:C-induced Type-I interferon production is
significantly decreased in mice with steatohepatitis (Figure 64). We found decreased
serum protein (Figure 64A) and liver mRNA levels (Figure 64B) of IFNP and IFNo4
(Figure 64C) in MCD compared to MCS diet-fed control mice. Consistent with impaired
Type-I IFN production after poly I:C stimulation, induction of interferon-inducible genes
ISG56 (Figure 65A) and 1SG15 (Figure 65B), was also significantly decreased in MCD
diet-induced steatohepatitis. These results suggested that steatohepatitis results in impaired

Type-1 IFN response to dsRNA viral challenge.
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Figure 64. Serum IFNp (4) and liver mRNA of
IFNp (B) and IFNa (C) were determined in
C57BI/6 MCD diet-fed mice and compared to
control MCS diet-fed mice. Data are shown at
baseline and 2 hours after poly I:C
challenge. N=4-6 mice/group, (*) indicates
p<0.05 vs. MCS baseline, (#) indicates
p<0.05 vs. MCD baseline.
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Figure 65. Liver mRNA of IFN-inducible genes, 1ISG56 (A) and ISG15 (B), were determined in
C57BI/6 MCD diet-fed mice and compared to control MCS diet-fed mice. Data are shown at
baseline and 2 hours after poly I:C challenge. N=4-6 mice/group, (*) indicates p<0.05 vs.
MCS baseline, (#) indicates p<0.05 vs. MCD baseline.

5.3.2 Impaired Type-I IEN induction in steatohepatitis is restricted to the RIG-1/Mda5

pathway
To further evaluate the significance of impaired Type-1 IFN induction in

steatohepatitis, we employed stimulations that induce Type-1 IFNs via receptor pathways
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different from dsRNA recognition by TLR3 and its adapter, TRIF, or RIG-I/Mda5 and
their adapter MAVS, respectively (102). LPS is recognized by TLR4 and uses the adapters
TRIF and MyD88, while CpG DNA, a ligand for TLR9 solely utilizes the MyD88 adapter
in Type-1 IFN induction (102).

We found increased TLR3, Mdab, RIG-I, as well as their corresponding adapters,
TRIF and MAVS at the mRNA levels in fatty livers compared to controls (Figure 66). In
contrast to polyl:C, challenge with a TLR4-ligand (LPS), which uses TRIF, or a TLR9-
ligand (CpG DNA), which uses MyD88, resulted in increased Type-I IFN induction in
MCD compared to MCS diet-fed mice (Figure 67A,B,C). TRIF serves as sole adapter for
poly I:C-engaged TLR3 and it also mediates TLR4/LPS-induced Type-I IFN production
(102). TRIF deficient mice were shown to be defective in both TLR3 and TLR4 mediated
IRF3 activation (202). These data suggested a selective impairment of Type-l1 IFN
induction upon dsRNA viral (poly I:C) challenge in a TLR3/TRIF-independent manner;
we thus focused on dissecting the role of the helicase RNA-sensing pathways in

steatohepatitis.

Liver mRNA
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Figure 66. The mRNA expression of poly 1:C (dsRNA) sensing receptors, namely
Mda5, RIG-I, TLR3 and their adaptor molecules, MAVS and TRIF, respectively, were
measured by gPCR in the liver of MCD and MCS diet-fed mice. N=4-6 mice/group, (*)
indicates p<0.05 vs. MCS.
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Serum IFNP Figure 67. Serum IFNB (A) and liver mRNA
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5.3.3 Abnormal MAVS function in NASH involves decreased protein levels,

dissociation from the mitochondria and impaired oligomerization

The adapter molecule MAVS is critical for the downstream signaling of helicase
receptors and its dysfunction impairs proinflammatory cytokine and interferon induction
via the NFxB and IRF3 signaling pathways, respectively (105). Consistent with decreased
induction of Type-I IFN, we found decreased levels of MAVS protein in whole liver
lysates of MCD-diet fed mice compared to controls (Figure 68). In search of possible

mechanisms for decreased MAVS protein levels, we found higher mRNA expression of
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the PSMA7 subunit of proteasome in MCD steatohepatitis (Figure 69A). PSMA7 can
negatively regulate MAVS-mediated immune responses and promotes proteosomal
degradation (203). Immunoprecipitation experiments revealed increased association

between MAVS and PSMAY in fatty livers compared to controls (Figure 69B).

MAVS | S - - ;
|
B-tubulin | ————

MCS MCD

Figure 68. C57BI/6 mice were fed with
methionine-choline-deficient (MCD) or -
supplemented (MCS) diet for 5 weeks. MAVS
protein expression was analyzed by Western
L5 blot in liver whole cell lysates (A); A-tubulin
was used as loading control  (A). (*)

Total liver MAVS

> 1
g indicates p<0.05 vs. MCS.
0.5 *
o ﬁ
MCS MCD
A B IP: PSMA7
IB: MAVS [ gy s el Wiy st
IB: PSMA7 ' [ )T ——
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Figure 69. PSMA7 mRNA expression was measured in the liver of MCD or MCS diet-fed
mice (A). PSMAY associated MAVS expression was evaluated by immunoprecipitation in
whole liver lysates using PSMA7 antibody for immunoprecipitating and MAVS antibody
for immunoblotting (B). N=4-6 mice/group, (*) indicates p<0.05 vs. MCS.
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The localization of MAVS to the outer mitochondrial membrane is crucial for
Mda5/RIG-I activation (106). However, we found that steatohepatitis resulted in decreased
mitochondria-associated MAVS protein levels compared to controls (Figure 70A). We also
observed a corresponding increase in cytosolic MAVS protein levels in MCD compared to
the MCS-diet fed livers (Figure 70B). The purity of the mitochondrial and cytosolic
preparations was confirmed by the expression of mitochondrial marker Tim23 (Figure
70A) and cytosolic pB-tubulin (Figure 70B), respectively. The ratio of the
cytoplasmic/mitochondrial MAVS was significantly higher in MCD-steatohepatitis
(Figure 70C). These results indicated that displacement of MAVS protein from the
mitochondria to the cytosol is likely related to mitochondrial damage in steatohepatitis.
The transmembrane domain (TM) of MAVS is crucial for mitochondrial localization and
also for dimerization of MAVS that is required for downstream signaling (105,107).
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Control Poly I:C Figure 70. C57BI/6 mice were
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We found that in addition to impaired mitochondrial localization, there was

decreased oligomerization of MAVS in steatohepatitis compared to controls (Figure 71).
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Figure 71. C57BI/6 mice were fed
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(MCD) or —supplemented (MCS)
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Given the defects in poly I:C-triggered interferon induction in steatohepatitis
(Figure 64), we next explored the function of the MAVS adapter protein. In control mice,
poly I:C administration resulted in displacement of MAVS from the mitochondria to the
cytosol (Figure 70). In contrast, there was no increase in cytoplasmic MAVS translocation
after poly I:C stimulation in livers of MCD diet-fed mice (Figure 70). Polyl:C-induced
engagement of helicases and signaling through MAVS results in downstream activation
and phosphorylation of IRF3 (102). In livers of MCD diet-fed mice, impaired MAVS
function and decreased mitochondrial association was associated with significantly
reduced IRF3 phosphorylation after poly I:C stimulation (Figure 72). These data suggested
that decreased association of MAVS with mitochondria at baseline may impair

downstream signaling in stetohepatitis.
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5.3.4 Mitochondrial damage occurs in the fatty liver

Mitochondrial dysfunction plays a role in the pathogenesis of NASH (204) and upon
mitochondrial damage, its content leaks into the cytosol triggering diverse signaling
pathways, including apoptosis (205). Thus, we hypothesized that decreased association of
MAYVS with mitochondria may be linked to mitochondrial damage in NASH. Indeed,
mitochondrial damage was indicated by relocation of cytochrome C from the mitochondria
to the cytoplasm (Figure 73A), and by enrichment of the mitochondria with 3-actin (Figure
73B) in livers of MCD compared to MCS diet-fed mice. We further identified evidence for
increased cellular damage pathways in steatohepatitis as indicated by caspase 8 (Figure
74A) and caspase 1 (Figure 74B) activation. Relevant to our observation of decreased
MAVS in steatohepatitis, both caspase 8 and caspase 1 were shown to cleave MAVS from
the mirochondria (206,207,208).
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Figure 73. Cytochrome c (A)

and  p-actin  (B)  protein
expressions were analyzed by
Western blot in liver

mitochondrial and cytoplasmic
extract of C57BI/6 MCD diet-fed
mice and compared to control
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Figure 74. The activation of apoptotic caspase-8 (A) and inflammatory caspase-1 (pro-
caspase and p10 subunit) (B) were determined by Western blot analysis in liver whole
cell lysates of C57BI/6 MCD diet-fed mice and compared to control MCS diet-fed mice

using specific antibodies. f-tubulin was used as loading control. (*) indicates p<0.05 vs.

MCS baseline.

Mitochondrial damage in NASH has been linked to excessive levels of reactive
oxygen species (ROS) (204). Indeed, we detected significantly increased liver TBARs
levels indicating ROS-induced lipid peroxidation at baseline and after poly I:C stimulation
in steatohepatitis (Figure 75). These results indicated that ROS and lipid peroxidation

occur in NASH, and their production is exacerbated in response to dsRNA stimulation.
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Figure 75. C57BI/6 mice were fed with methionine-choline-deficient (MCD) or —
supplemented (MCS) diet for 5 weeks and injected with poly 1:C (5mg/bwkg)
intraperitoneally for 2 and 6 hours. Liver thiobarbituric acid (TBARs) levels were
analyzed as indirect indicators of ROS production, n=5-6/group (E). (*) indicates
p<0.05 vs. MCS baseline, (#) indicates p<0.05 vs. MCD baseline.

5.3.5 Increased poly I:C-induced liver damage occurs without excessive pro-inflammatory

cytokine induction in steatohepatitis

Liver damage, indicated by steatosis and elevated ALT, is a hallmark of
steatohepatitis. Here we found that a poly I:C challenge significantly increased liver injury
in MCD diet-fed mice indicated by tissue hemorrhage, hepatocyte degeneration (Figure
76A), and significantly increased serum ALT levels compared to MCS controls mice
(Figure 76B). Because dsRNA-induced activation of RIG-1 and Mda5 leads to Type-1 IFN
induction as well as activation of NFkB and production of pro-inflammatory cytokines
(102), we sought to evaluate whether the increased liver damage was the consequence of
enhanced pro-inflammatory cytokine production in steatohepatitis. At baseline, MCD diet-
fed mice showed increased serum (Figure 77A) and liver mRNA levels (Figure 77B) of
TNFa, IL-6 and IL-1B compared to MCS controls. While poly I:C challenge increased
TNFa, IL-6 and IL-1B production both in controls and MCD-diet fed groups (Figure
77A,B), the extent of pro-inflammatory cytokine protein (Figure 77A) and mRNA (Figure
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77B) induction was significantly lower in MCD compared to MCS diet-fed mice. These

data demonstrated that pro-inflammatory cytokine induction was impaired in response to a

dsRNA challenge, and thus, it is less likely to account for the increased liver damage in
NASH.
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Figure 76. C57BI/6 mice received a
methionine-choline-deficient (MCD) or
—supplemented (MCS) diet for 5 weeks
and then were injected with poly I:C
(5mg/bwkg) intraperitoneally for 2 or 6
hours. Representative sections of
formalin-fixed, paraffin-embedded
livers stained with hematoxilin-eosin
(200 fold magnification) are shown at
baseline and 6 hrs after poly I:C
injection (A). Serum ALT (B) is shown
as mean+SEM values at baseline and 2
hours after poly I:C challenge. N=4-6
mice/group, (#) indicates p<0.05 vs.
MCD baseline.
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Figure 77. C57BI/6 mice received a methionine-choline-deficient (MCD) or -
supplemented (MCS) diet for 5 weeks and then were injected with poly I1:C (5mg/bwkg)
intraperitoneally for 2 or 6 hours. Serum protein (A) and liver mRNA (B) of cytokines
(TNFo, IL-6, IL-1B) are shown as mean#SEM values at baseline and 2 hours after poly
I:C challengeN=4-6 mice/group, (*) indicates p<0.05 vs. MCS baseline, (#) indicates
p<0.05 vs. MCD baseline.

Since, previous studies showed a crucial role for NK cells in poly I:C induced liver
injury (209), and higher NK cell activating ligand expression has been reported in livers of
NASH patients (210), we next investigated the possible role of NK cells. We found
increased mMRNA expression of the NK-activating ligands, Pan-Rae, Rae-1a and Mult-1 in
MCD-steatohepatitis (Figure 78), but poly I:C did not induce a further increase in the

expression of these ligands (Figure 78).
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Figure 78. C57BI/6 mice received a methionine-choline-deficient (MCD) or -
supplemented (MCS) diet for 5 weeks and then were injected with poly 1:C (5mg/bwkg)
intraperitoneally for 2 or 6 hours. Liver mRNA expression of NK cell activating
ligands was analysed by gPCR (A). N=4-6 mice/group, (*) indicates p<0.05 vs. MCS
baseline, (#) indicates p<0.05 vs. MCD baseline.

5.3.6 Poly I:C promotes a switch from apoptosis to necrosis and increases RIP3 expression

in steatohepatitis
Hepatocyte apoptosis in NASH has been linked to increased susceptibility of the

fatty liver to LPS challenge while hepatocyte necrosis is associated with progressive liver
damage (44). There is recent evidence that the mitochondria-associated MAVS can
regulate apoptosis in viral infection (211). Apoptosis is triggered via intrinsic (involving
pro-apoptotic protein Bim, mitochondria, cytochrome ¢, and caspase 9), or via extrinsic
(involving death receptors including TRAIL) pathways that connect at the level of caspase
3 to culminate in cell death. We found increased expression of TRAIL (extrinsic apoptosis)
(Figure 79A) and Bim (intrinsic apoptosis) (Figure 79B) in livers of MCD diet-fed mice.
Expression of caspase-3 was also induced in MCD vs. MCS diet-fed mice (Figure 79C).
Here we found that caspase-3 activity was significantly increased by poly I:C in normal
(MCS) livers (Figure 79C), but not in steatohepatitis (MCD) (Figure 79C). There were no
differences in the extent of poly I:C-induced upregulation of TRAIL and Bim mRNA
expression (Figure 79A,B), between MCD and MCS livers indicating that steatotic livers,
while exhibit higher apoptosis at baseline, fail to progress to tissue death by apoptosis upon

a viral challenge. Notably, the tissue damage was higher in poly I:C-challenged steatotic
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livers compared to controls (Figure 76A). Thus, we hypothesized that the increased poly
I:C-induced liver damage in MCD diet-fed mice was due to necrosis rather than apoptosis.
Indeed, we identified increased levels of serum HMGB1 (Figure 80), a marker of necrosis,

in the poly I:C-stimulated MCD group compared to controls.
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Figure 79. C57BI/6 mice were fed with MCD
or MCS diet for 5 weeks and injected with poly
I:C (5mg/bwkg) for 2 or 6 hours. The mRNA
expression of TRAIL (A) and Bim (B, as
markers of apoptosis, were analyzed by gPCR.
Caspase-3 activity was analyzed using a
colorimetric assay. N=4-6 mice/group, (*)
indicates p<0.05 vs. MCS baseline, (#)
indicates p<0.05 vs. MCD baseline.

97




DOI:10.14753/SE.2012.1767

serum HMGB1 Figure 80. C57BI/6 mice were fed with
100 methionine-choline-deficient (MCD) or -
80 1 ; supplemented (MCS) diet for 5 weeks and
z %07 injected with poly I:C (5mg/bwkg) for 2 or
8 4 6 hours. Serum HMGB1 levels were
zz ' R— - - measured by ELISA. N=4-6 mice/group, (*)

Polyl:C  Ohrs 2 hrs 6 hrs indicates p<0.05 vs. MCS baseline.
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The balance between apoptosis and necrosis is tightly regulated (212). A recently
identified master regulator between apoptosis and necrosis is the protein kinase receptor-
interacting protein 3 (RIP3) (212). We found increased levels of RIP3 mRNA (Figure
81A) and protein (Figure 81B) in livers of MCD- compared to MCS-diet-fed controls. In
control mice poly I:C stimulation induced upregulation of RIP3 protein expression at 2
hours post-stimulation which returned to baseline by 6 hours (Figure 81B); in contrast,
there was sustained induction of RIP3 in steatohepatitis after poly I.C challenge (Figure
81B). We further identified a positive correlation between RIP3 and liver HMGB1 (Figure
81C) expression. Collectively, these data suggested that pathways that promote necrosis
are preferentially upregulated in steatohepatitis after a viral challenge, at least in part due

to the regulatory involvement of RIP3.
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Figure 81. C57BI/6 mice were fed with methionine-choline-deficient (MCD) or —
supplemented (MCS) diet for 5 weeks and injected with poly 1:C (5mg/bwkg) for 2 or
6 hours. Liver mRNA (A) and protein (B) levels of RIP3 were analyzed in whole
liver. Correlation between RIP3 and HMGB1 mRNA in the liver is shown (C). (*)
indicates p<0.05 vs. MCS baseline, (#) indicates p<0.05 vs. MCD baseline.
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5.3.7 Altered MAVS and RIP3 mRNA expression in human NASH

To validate our observations in the mouse model of steatohepatitis, we next

evaluated human livers. We found an increase of MAVS mRNA levels in livers of NASH
patients compared to healthy controls (Figure 82A) and this mirrored MAVS RNA levels
in the animal model of steatohepatitis (Figure 66). MAVS mRNA up-regulation was
specific to NASH since we did not observe increased MAVS levels in HBV-infection
(HBV is a DNA virus) or in liver tumors (no viral infection detected) (Figure 82A). We
also found higher expression of PSMA7 mRNA in human NASH livers (Figure 82B) that
mirrored findings in the mouse model (Figure 69). Finally, we detected highly increased
RIP3 mRNA levels in NASH patients (Figure 84C) compared to controls; this was parallel
to the RIP3 mRNA increase in the mouse model of NASH (Figure 82).
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6. DISCUSSION

In the present study we demonstrate several novel findings that supports the

substantial role of innate immunity in the pathogenesis of NASH.

I.  We demonstrate for the first time that deficient integrity of the danger receptor
complex, including TLR4 or its co-receptor MD-2, is protective from MCD-diet-induced
liver steatosis and inflammation, and correlates with attenuated liver injury and
histological features of NASH. To this extent, our novel data also indicate that the
deficiency in MD-2 or TLR4 confers protection from development of liver fibrosis in
MCD-diet-induced NASH.

To date, several research groups have identified that LPS, in the context of a multi-
hit model, plays a role in development of NAFLD/NASH (44,79-84); the details of LPS
implication per se are yet to be fully defined. Here we provide novel data indicating that
danger sensing via MD-2 and TLR4 is key in the pathogenesis of NASH. Ligand
recognition by the TLR4/MD-2 complex, which binds LPS to deliver intracellular signals,
occurs as a result of complementary functions of MD-2 and TLR4. Neither MD-2 nor
TLR4 alone can account for optimal LPS recognition (213,214,215). MD-2 binds LPS
however it lacks a transmembrane domain and cannot result in intracellular signaling alone
(213-215). The recently discovered crystal structure of the TLR4/MD-2 complex
demonstrates the critical role of MD-2 in LPS binding and LPS-induced TLR4 activation
resulting in TLR4/MD-2 complex and conformational changes to initiate intracellular
signaling through the intracellular domain of TLR4 (216). Our data suggest a major role
for TLR4 and MD-2 in liver damage, as indicated by profound attenuation of features of
NASH in their absence. The exact ligand(s) of TLR4/MD-2 in NASH is yet to be defined.
A candidate ligand is endotoxin, most likely derived from the gut (82). This hypothesis is
supported by recent reports in other models of non-alcoholic fatty liver disease and is also
consistent with the causal role of gut-derived endotoxin in alcoholic steatohepatitis, which
shares many pathological features of NASH (217,218,219). We found moderate but
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significant increase in serum endotoxin levels in MCD-diet-fed mice of control genotypes;
this observation is similar to that described in the portal circulation of LPS-insensitive
C3H/HeJ mice (82).

In evaluation of the role of TLR4/MD-2 complex in the pathogenesis of NASH
there is a need to consider that while TLR4 recognizes exogenous danger signals, such as
LPS, it also can sense multiple endogenous danger signals (220), including, but possibly
not limited to, heat-shock proteins (221), fibrinogen (222), fibronectin (223), and HMGB1
(224). Our results suggest protection from murine NASH when the recognition of ligands
by TLR4/MD-2 complex is impaired; the role of endogenous danger signals in
experimental or human NASH is yet to be evaluated.

We identified that MD2 and TLR4 deficiency is protective in NASH due to
interference with inflammation and oxidative stress. The elements of protections included
prevention of inflammatory cell infiltration into the liver, diminished pro-inflammatory
cytokine production, impaired up-regulation of the liver mMRNA levels of all components of
the NADPH oxidase complex and impaired function of the NADPH complex. Our
observation of increased expression of the phagocyte-specific NADPH complex and
increased NADPH activity in MCD-fed animals of control genotypes and lack of such
effects in TLR4 or MD-2 KO animals suggests a communication between TLR4/MD-2
and NADPH oxidase activation in NASH. Several research groups have reported the key
role of the pro-inflammatory effects of Kupffer cells (82) and TLR4 receptor (44,82) in
NASH-associated liver inflammation; our data are in agreement with those reports.
Kupffer cells are rich in TLR4/MD-2 receptor complex (225), and are a major source of
NADPH in the liver. The critical role of the Kupffer cells p47 phox NADPH oxidase
component has been reported in alcoholic liver disease (226).

The most important clinical challenge in NASH is the progression to liver fibrosis,
which often leads to cirrhosis and liver failure (1). Here, we present our novel observation
that MD-2/TLR4 complex plays a central role in induction of fibrosis in the MCD-diet-
induced NASH model. The current understanding on the pathogenic mechanisms of NASH
favors a model in which steatosis, and later steatohepatitis, are induced as a result of fatty

acid overload and inflammation, leading to subsequent activation of stellate cells resulting
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in liver fibrosis (227,228,229). The critical step in the generation of liver fibrosis is the
activation of stellate cells resulting in a-SMA and collagen deposition (227-229). Stellate
cell activation is induced by multiple insults, including endotoxin, TNFa, and TGFp
(227,228). Stellate cells express MD-2 and TLR4, and thus, can be directly stimulated
through the TLR4/MD-2 complex to produce a pro-fibrotic transformation including
expression of a-SMA and deposition of collagen-1 (101,225,227). We found increased
expression of a-SMA and collagen-1 at the mRNA and protein levels in livers of MCD-
diet-fed animals of control genotypes that was abrogated in both MD-2-deficient and in
TLRA4-deficient mice. A recent finding that TLR4/MD-2 fusion protein could prevent LPS-
induced stellate cell activation highlights the importance of the TLR4/MD-2-dependent
mechanisms of stellate cell activation (230), suggesting that inhibition of TLR4/MD-2 is a
potential therapeutic target. It remains to be determined whether the protective effect of
deficiency of MD-2 and TLR4 on fibrosis is solely related to the lack of TLR4/MD-2
activation in stellate cells or a combined lack of TLR4 signaling in stellate and Kupffer
cells. We identified increased TNFa, a product of activated Kupffer cells, in MCD-diet-
induced NASH, which can induce stellate cell activation (228). Importantly, TNFa levels
were significantly attenuated in the absence of MD-2 or TLR4 expression. NADPH
oxidase dependent oxidative stress has been reported to have crucial role in hepatic stellate
cell activation by angiotensin Il and leptin (231,232). Although, TLR4/MD-2 deficiency
attenuated both the fibrosis and the NADPH oxidase activity, further experiments are
needed to prove causality between NADPH oxidase activity and fibrosis in NASH.
However, our novel data and the availability of relatively safe and well-established
therapeutics to manipulate the NADPH oxidase-dependent oxidative stress brings hope for
future NADPH-based therapeutic interventions in steatohepatitis (233).

Our study is based on 2 distinct models of genetically-modified mice: TLR4-KO
and MD-2-KO. While both types of animals exhibit impaired recognition of LPS due to
deficient assembly of the recognition complex, we did observed some subtle differences
between TLR4 KO and MD-2 KO mice upon developing MCD diet-induced NASH. For
example, the extent of liver fibrosis, indicated by the Sirius red positive areas, was more

pronounced in MD-2 KO compared to TLR4 KO etc. The origin of the lack of full overlap
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between the TLR4- and MD-2-owed extent of protection against NASH likely lies in the
final effect of these molecules on ligand recognition and/or downstream signaling events.
MD-2 is an important component of LPS recognition, however it may, or may not, be
implicated in the recognition of the entire repertoire of TLR4 ligands. Alternatively, TLR4
with or without MD-2 may signal differently, or TLR4-MD-2 complex receptor may
function in two separate modes: one in which full signaling occurs and one limited to
MyD88-dependent signaling (234). We had previously reported a critical role of toll-like
receptors and the common TLR adaptor, MyD88, in other models of liver inflammation
and injury (235); the exact signaling events downstream from TLR4-MD-2 complex in
NASH are yet to be fully understood. Nevertheless, it is important to note that both TLR4
KO and MD-2 KO genotypes offered only partial protection against MCD diet-induced
NASH, suggesting the possibility that TLR4/MD-2-independent events may be involved in
the pathogenesis of NASH.

In conclusion, we found that danger receptor TLR4 and its co-receptor, MD-2, are
critical in the development of steatosis, liver damage, inflammation and fibrosis in the
MCD-diet-induced NASH in mice.

Given that the TLR4/MD2 complex is the major receptor for LPS that is also a key
factor of the inflammasome activation and IL-1p production, in the second part of the
study we investigated the role of inflammasomes in the pathogenesis of NASH.

Inflammation is a response to cellular injury or pathogens and it is triggered by
endogenous and exogenous danger signals, respectively. NALPs, the receptor components
of the inflammasome, sense endogenous danger signals which activate the inflammasome,
a multiprotein complex involved in caspase-1-mediated IL-1 cleavage. Inflammasome
activation is typically a result of a two signals via TLR activation by exogenous or

endogenous danger signals (116).
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II. Here we report several findings related to the novel role of inflammasome
activation in non-alcoholic steatohepatitis. First, we show upregulation of the components
of the NALP3 inflammasome, including, NALP3, ASC and pro-caspase-1 in NASH in
mouse models as well as in human livers, and demonstrate functional activation via
caspase-1 activation and IL-1R production. Our data also suggest that inflammasome
activation occurs in steatohepatitis and not in early steatosis in mice. Second, we report
that while increased circulating endotoxin likely contributes to inflammasome activation,
exogenous LPS can amplify inflammasome activation and IL-13 secretion in
steatohepatitis. Third, we demonstrate for the first time that inflammasome activation and
IL-113 secretion occur in isolated hepatocytes in NASH. Fourth, we reveal a mechanistic
insight into inflammasome activation and show that saturated, but not un-saturated, fatty
acids increase inflammasome expression and sensitize hepatocytes to IL-1R release by a
second stimulus via TLR4 activation. Fifth, our novel data show that fatty acids not only
upregulate inflammasome but also induce apoptosis and release of danger signals in
hepatocytes. We report for the first time that danger signals from fatty acid-exposed
hepatocytes induce inflammasome activation in liver mononuclear cells demonstrating a
cross-talk between injured hepatocytes and inflammatory cells in NASH. Finally, we show
that IL-1 signaling contribute to the development of liver steatosis; however, neither the
lack of the inflammasome effector caspase-1, nor IL-1R deficiency prevents liver injury
and/or fibrosis in MCD diet-induced steatohepatitis.

Both NALP3 and NALP1 are highly expressed in primary immune cells, but also in
other cell types, including epithelial cells, neurons, and gonadal cells (152). Here we report
that hepatocytes express NALPs. We identified that hepatocytes express the adaptor
molecule ASC and the entire functional inflammasome machinery and capable of IL-1R
production.

Elucidation of the triggering factors responsible for the increased inflammasome
expression and function in NASH is of emerging importance. Free fatty acids can be
recognized as endogenous danger molecules and induce inflammatory signaling and

activation of NFkB and JNK-AP1 pathways leading to cytokine and chemokine production
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(236,237). While toll like receptors (TLRs) detect ligands either on the cell surface or in
the lumen of endoplasmatic reticulum (220), Nod-like receptors (NLRs) are intracellular,
cytoplasmic (NALP3) or nuclear (NALP1) sensors (152). We found that saturated fatty
acids induce up-regulation of pro-IL13 and NALP3 in hepatocytes. Increased FFA levels
have been reported in MCD diet- (238), HFD- (239) and leptin deficiency induced (240)
steatohepatitis as well as in human NAFLD patients with either steatosis or steatohepatitis
(241,242). While several reports evaluated the fatty acid profile and the ratio of saturated
and unsaturated fatty acids in animal models (238-240) and in human plasma in NASH
(241,242), it is yet to be determined whether changes in fatty acid composition in the liver
or serum correlate with steatosis or steatohepatitis. We speculate that saturated fatty acids
in NASH may favor inflammasome activation while a different composition of FFA in
simple steatosis may not trigger such events. These differences could be further amplified
by the presence of additional signals such as LPS or danger signals from damaged
hepatocytes.

There is accumulating evidence that innate immune pathways are activated in the
metabolic syndrome and play a crucial role in the pathogenesis of NASH (65). Increased
plasma levels of the Toll-like receptor-4 (TLR4) ligand, LPS, and enhanced susceptibility
to LPS-induced liver damage have been observed (44,80,81). We found increased serum
endotoxin levels in mice with steatohepatitis suggesting the presence of an exogenous TLR
ligand. We, and others, have shown that TLR4 deficiency can prevent experimental NASH
(44,82). Exogenous administration of LPS further increased IL-18 levels and
inflammasome expression in livers with steatohepatitis suggesting that the fatty liver is
primed for LPS-induced inflammasome activation. This novel observation complements
previous reports that demonstrated that the fatty liver is sensitized to LPS-induced TNFa
production and LPS-induced liver damage (44). TLR4 deficiency and modulation of TLR4
pathways with probiotics that alter intestinal flora and suppress TLR-related responses,
improved liver injury and inflammation in NASH (44,82). More importantly, we identified
an increased inflammasome function, indicated by cleavage of pro-caspase 1 and increased
IL-1 production, along with the increased expression of inflammasome in our NASH

model.
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We also demonstrate that saturated fatty acids contribute to the sensitization of
LPS-induced IL-1p secretion in hepatocytes. It remains to be further examined whether the
effect of fatty acids on inflammasomes is direct or indirect, through intermediate products
of FFA metabolism or via FFA-induced cell death (243) and release of DAMP molecules.
However, our finding that pan-caspase inhibitor ZVAD can prevent the FFA-induced
inflammasome up-regulation suggests a role of lipotoxicity and endogenous danger
molecules in this process (244,245). Saturated fatty acids (eg. palmitic) are more toxic and
apoptotic, while monounsaturated fatty acids (eg. oleic acid) are lipogenic and protect from
the apoptotic effect of saturated FAs in cell cultures (246). Palmitic acid + LPS together
lead to inflammasome and caspase-1 activation. In contrast, palmitic acid alone induced
only caspase-8 activation without detectable inflammasome activation, suggesting that
caspase-8 is responsible for the IL-1B cleavage in PA-treated hepatocytes. Caspase-8 has
been shown as an alternate to cleave pro-IL-1p in macrophages in response to TLR3 and
TLR4 stimulation (193). A caspase-1-independent IL-1B release was also reported in
apoptosis induced by Fas ligand in peritoneal immune cells (247). Here we demonstrate
that danger signals released from damaged hepatocytes upon saturated FA treatment
trigger inflammasome activation in liver mononuclear cells.

Previous studies showed enhanced inflammatory response and liver injury to LPS
in NASH (44). 1t is likely that in addition to gut-derived LPS other danger signals from
hepatocytes are also increased. It was found that a brief pre-stimulation with ATP leads to
robust LPS-induced caspase-1 activation and IL-1beta secretion in macrophages (248).
Our data suggest that a sensitization to LPS-induced inflammasome activation and IL-1p
secretion occurs in the fatty liver; IL-1p then can further amplify the inflammatory
response through IL-1-receptor. Finally, we could not exclude that besides fatty acids,
alternative activators of the inflammasome, such as ATP, monosodium urate crystals
(MSU), or calcium pyrophosphate, may contribute to inflammasome activation in the fatty
liver.

To test the physiological significance of the above described inflammasome
activation in NASH, we employed mice deficient in either the inflammasome adaptor ASC

or the effector molecule caspase-1. We showed the first time that although, steatohepatitis
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is accompanied with inflammasome activation; the lack of neither ASC nor caspase-1 was
protective in MCD-diet-induced steatohepatitis. It is in accordance with the observation
that the administration of pan-caspase inhibitor attenuated hepatic steatosis and fibrosis in
db/db+MCD-diet model of steatohepatitis in mice, but did not affect liver injury (245).
Vandanmagsar et al. reported that NLRP3 deficient mice exhibit diminished fat
accumulation in the liver upon long term high fat diet feeding (249), however, there are no
reports on liver injury or fibrosis.

Interestingly, the caspase-1 KO mice showed increased levels of IL-1f in the
MCD-fed mice. Caspase-1 is one of the proteases that process pro-IL-1p but not the only
one, as we mentioned earlier. Caspase-8 has been shown as an alternate to cleave pro-IL-
1beta in macrophages in response to TLR3 and TLR4 stimulation (193). Here, we found
increased caspase-8 activity in livers with steatohepatitis both in wild type and caspase-1
knock out mice, which arose that IL-1p cleavage may happen by caspase-8 in NASH.
Furthermore, our data suggested that caspase-8 derived processing of IL-1B could
compensate the lack of caspase-1 and result in the production of enough biologically active
IL-1B to maintain the inflammation. Recently, neutrophil-derived serine proteases have
been also suggested to be able to cleave pro-IL-1p besides caspase-8 (250). Enhanced
neutrophil infiltration is known in NASH (1,24), however the role in processing IL-1p
remains out of focus of present investigation. Altogether, our data suggested that caspase-1
is not the only enzyme that is responsible for the IL-1p maturation in our model.

To further investigate the relevance of IL-1p in MCD-diet-induced steatohepatitis,
we employed IL-1R KO mice. Similarly to previous reports (171), we found attenuated
hepatic steatosis in IL-1R KO mice after MCD-diet feeding. However, in contrary to the
findings in CDAA model (171), we found no protection against liver injury or fibrosis.
This suggested that while IL-1p contributes to liver steatosis, it has no substantial effect on
liver injury in every model of steatohepatitis that makes difficult the translation to human

disease.
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In summary, we propose that the increased saturated fatty acid influx to the liver leads
to inflammasome activation, IL-1B cleavage and inflammation. We also show that
saturated FA induces hepatocyte apoptosis and activation of caspase-8 that triggers the
release of danger molecules. All together, these events synergize with circulating
endotoxins to result in inflammasome activation in the hepatocytes and might create an
amplification loop of inflammation by activating liver mononuclear cells and inducing
liver injury. However, we also showed that IL-1B production in NASH involves both
classical (inflammasome-dependent) and alternative (caspase-8 dependent) pathways.
Finally, our novel data demonstrate that while IL-1p is important player in the
development of liver steatosis, it is not the only or key factor of the development of liver

injury in MCD diet-induced animal model of steatohepatitis.

Not only the factors determining progression of NASH are yet to be fully defined,
but we also have to mention that steatosis and steatohepatitis are co-factors in the
progression of other liver diseases, including those of viral etiology, ischemia-reperfusion
injury and liver transplantation (42-46).

ITI. Here we report novel findings related to the impaired capacity of the fatty liver to
respond to dsRNA and related viral challenges: First, livers with steatohepatitis failed to
activate anti-viral innate immune pathways to produce Type | IFNs in response to a
double-stranded RNA challenge. Second, the MAVS adapter, which is required for Type-I
IFN induction after recognition of dsSRNA by the helicase receptors RIG-1 and Mda5, was
dissociated from the mitochondria to the cytosol and showed impaired oligomerization and
function in steatohepatitis. Third, displacement of MAVS from mitochondria was
associated with oxidative stress and instead of upregulation of the apoptosis cascade, poly
I:C promoted necrosis via increased expression of RIP3 in steatohepatitis. Fourth, dSRNA
challenge resulted in increased liver damage in spite of decreased TNFa and pro-

inflammatory cytokine induction in a diet-induced model of NASH.

Viral-sensing receptors include toll-like receptor (TLR) 3 and the cytoplasmic
helicase receptors RIG-1 and Mda5 for dsRNA recognition, TLR7/8 for ssSRNA and TLR9

for sensing viral DNA (102). Here we identified a selective defect in signaling from viral
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dsRNA in steatohepatitis that altered both of pro-inflammatory cytokines and Type-1 IFNs
and was associated with increased liver damage. Although TLR3, Mda5 and RIG-I all
sense poly I:C, their signaling pathways are different. Mda5 plays a key role in poly I:C-
induced IFNP production even in the absence of TLR3 or RIG-1 (102). Ligand
engagement of the helicase receptors catalyzes the phosphorylation of IkB proteins by IKK
complex and leads to NFxB activation, along with the phosphorylation and activation of
IRF3 (102). NFkB activation triggers the production of pro-inflammatory cytokines, while
IRF3 phosphorylation leads to production of Type-I interferons (102).

The cellular source of the Type-I IFNs and inflammatory cytokines remains to be
evaluated. Helicase receptors are expressed in several cell types in the liver, including
hepatocytes, conventional dendritic cells, Kupffer-cells, NK cells (251,110). RLR
expression is enhanced by poly I:C (250). We found that hepatocytes that represent the
majority of cells in the liver produce IFNp after intracellular poly I:C stimulation in vitro
(data not shown). The RIG-1/Mda5 pathway is also important in the conventional dendritic
cells (249) and NK cells (252), but less prominent in plasmacytoid dendritic cells. Thus,
we speculate that hepatocytes and conventional DCs are the likely sources of Type-1 IFN
production after dSRNA challenge in the liver. Previous studies demonstrated a role of NK
cells in NASH (210). Here we found evidence for increased expression of NK cell
activating ligands, PanRae, Raela, Mult-1 in livers with steatohepatitis without a further
increase after dSRNA stimulation. We also determined that NK cell recruitment was not
triggered in livers with NASH suggesting that the liver damage was unlikely to be NK cell
mediated after poly I:C challenge.

Here we demonstrated that both Type-lI IFNs and pro-inflammatory cytokine
induction were selectively disturbed in response to dsRNA while TLR4- or TLR9-
mediated pathways remained intact in steatohepatitis. This suggested that the signaling
defects in fatty livers occurred upstream from the branching of the NFkB and IRF3
signaling pathways and involved a protein that is common to both pathways upon dsRNA
stimulation. The mitochondrial antiviral signaling protein (MAVS) mediates the activation
of both NF«xB and IRF3 in response to viral infection (105). Here we show for the first

time that total liver MAVS protein levels are decreased in steatohepatitis. Our data showed
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increased association of MAVS with the proteasome subunit PSMA7 in MCD-
steatohepatitis suggesting that proteosomal degradation could contribute to low MAVS
levels. In this context, the apparent discrepancy between our finding of decreased MAVS
protein and increased liver MAVS RNA could represent a compensatory feed-back loop
mechanism. Increased mMRNA levels of MAVS and PSMA7 were also present in human
livers with NASH.

Impaired MAVS function was suggested by three of our novel observations. First,
MAVS levels were decreased in the mitochondria with a complementary increase in the
cytosol in the mouse model of steatohepatitis compared to controls. Second, in parallel
with the MAVS dissociation from the mitochondria, we found decreased MAVS
oligomerization in livers of MCD diet-fed mice compared to controls. Third, we found
impaired induction of IRF3 phosphorylation by poly I:C in livers with steatohepatitis.

The transmembrane domain (TM) of MAVS is crucial to the mitochondrial
localization of MAVS, but also required for the dimerization of the protein that is a crucial
step during MAVS induced immune responses. (106,107) Our novel finding on the
reduced MAVS oligomerization is in accordance with the impaired function of the helicase
receptor-MAVS signaling pathway.

Mitochondrial dysfunction is a key component of fat accumulation, ROS
generation and the progression of inflammation in NASH (88). Thus, it is plausible that
translocation of MAVS from the mitochondria to the cytosol could be a consequence of
mitochondrial damage in steatohepatitis. In addition to MAVS redistribution, we found
other indications of mitochondrial damage, such as cytochrome C leak from the
mitochondria to cytoplasm, enrichment of mitochondria with B-actin, and increased
activation of cellular damage pathways. Translocation of B-actin to the mitochondria
leading to disruption of mitochondrial membrane was shown in influenza virus-stimulated
macrophages (253). We found markedly elevated B-actin protein levels in mitochondrial
fractions in steatohepatitis providing evidence for mitochondrial damage in NASH. In
normal hepatocytes, MAVS is localized in the outer mitochondrial membrane (106). Our
novel data indicate increased activation of multiple caspases, including caspase 1 and

caspase-8, in MCD diet-induced steatohepatitis suggesting a possible link between MAVS
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cleavage and caspase activation. Several viruses, including hepatitis C (NS3/4A protease)
and hepatitis A (3ABC protease), disrupt the host antiviral response by cleaving MAVS
from mitochondria (206,207). An apoptotic cleavage of MAVS has also been described
(207). In NASH, both the death-receptor induced, and cellular-stress induced, apoptotic
pathways are involved and apoptosis is indicated by increased caspase-3 activity and
plasma cytokeratin-18 fragments (12,254). Studies showed that the pancaspase inhibitor,
zZVAD, prevents the cleavage of MAVS, while selective blockade of caspase-8, -9 or -3
was not sufficient to prevent MAVS cleavage (207). Relevant to our data, the pan-caspase
inhibitor blocks both apoptotic caspases and caspase-1 (207,208). Thus, MAVS cleavage
from the mitochondria in NASH is likely to be related to the increased caspase-8 and
caspase-1 observed in our experiments.

Damaged proteins are degraded by proteasomes in the cytoplasm or nucleus (255).
We show here first time that MAVS protein preferentially binds to the proteasomal protein
PSMAT7 in fatty livers, suggesting that the damaged, cleaved MAVS protein from the
mitochondria accumulates in the cytoplasm, and likely degraded by the proteasomes.

Virus-induced apoptosis requires MAVS in primary mouse fibroblasts (211) and
MAVS itself can induce caspase-dependent apoptosis. It has been shown that poly I:C
initiates apoptosis via MAVS (256). However, MAVS levels were decreased in MCD diet-
induced steatohepatitis in our experiments. Furthermore, we found that while caspase-3
was activated by dsRNA stimulation in normal liver suggesting apoptosis, there was no
increase over the elevated baseline apoptosis (caspase-3 activity) in steatohepatitis. Instead,
poly I:C induced liver necrosis and increased serum HMGB1 levels in MCD diet-fed mice.
We speculate that decreased mitochondrial MAVS levels may result in impaired MAVS-
dependent apoptosis following dsRNA challenge in MCD-steatohepatitis.

MAVS interacts with protein kinase receptor-interacting protein 1 (RIP1) and
facilitates NFxB activation (257). RIP1 and the protein kinase receptor-interacting protein
3 (RIP3) may form a complex with TRADD, FADD and caspase-8 that leads to RIP3
cleavage and proteolytic inactivation (258,259). Studies showed that RIP3 overexpression
results in TNFa and NO-mediated necrosis (257,260). RIP3 has been identified as a

molecular switch between apoptosis and necrosis (261). Here we show for the first time
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that increased expression of RIP3 in MCD-diet fed mice occurs both at the mRNA and
protein levels. Increased RIP3 mRNA was also present in human livers with NASH. We
found a sustained increase in RIP3 expression that correlated with increased necrosis and
increased serum HMGBL1 levels after poly I:C challenge in steatohepatitis in mice. It is
tempting to speculate that increased RIP3 may result in an apoptosis-to-necrosis switch
after a dsSRNA challenge in steatohepatitis. Recent studies suggest RIP3 association with
the mitochondria and its regulation by ROS (257) and RIP3-induced promotion of necrosis
is regulated by ROS (259). Our observations confirmed previous findings of increased
ROS generation in diet-induced NASH (88). More importantly, we identified that poly I:C
augmented ROS generation as well as RIP3 induction and necrosis in MCD-induced
steatohepatitis.

In conclusion, our data demonstrate an important role for mitochondrial damage
and MAVS dissociation from the mitochondria in the increased susceptibility of
steatohepatitis to a dSRNA viral challenge. We report for the first time that livers with
steatohepatitis fail to induce Type-l IFNs in response to dsSRNA challenge due to
dissociation of MAVS from the mitochondria and impaired oligomerization. The MAVS
dissociation also leads to impaired induction of apoptosis and promote necrosis together
with increased RIP3 expression, impaired anti-viral interferon response and increased liver
damage in non-alcoholic steatohepatitis. These key findings were also reproducible in
human NASH.
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7. CONCLUSIONS

In the present study we demonstrate several novel findings that support the substantial role
of innate immunity in the pathogenesis of NASH.

The following conclusions can be drawn based on our results:

1. Deficient integrity of the danger receptor complex, including TLR4 or its co-receptor
MD-2, is protective from MCD-diet-induced liver steatosis, inflammation, correlates with
attenuated liver injury and confers protection from development of liver fibrosis in MCD-
diet-induced NASH.

2. There is up-regulation and activation of the NALP3 inflammasome complex and
therefore increased IL-1B production in NASH in mouse models as well as in human
livers. Our data also suggest that inflammasome activation occurs in steatohepatitis and not
in early steatosis in mice.

3. While increased circulating endotoxin likely contributes to inflammasome activation,
exogenous LPS can amplify inflammasome activation and IL-13 secretion in
steatohepatitis.

4. Inflammasome activation and I1L-1R secretion occur in isolated hepatocytes in NASH.

5. Saturated, but not un-saturated, fatty acids increase inflammasome expression and
sensitize hepatocytes to IL-1R release by a second stimulus via TLR4 activation.

6. Fatty acids not only upregulate inflammasome but also induce apoptosis and release of
danger signals in hepatocytes.

7. These danger signals induce inflammasome activation in liver mononuclear cells
demonstrating a cross-talk between injured hepatocytes and inflammatory cells in NASH.
8. The IL-1 signaling contributes to the development of liver steatosis; however, neither
the lack of the inflammasome effector caspase-1, nor IL-1R deficiency prevents liver
injury and/or fibrosis in MCD diet-induced steatohepatitis.

9. There is increased inflammasome expression in the liver of NASH patients.
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Finally, here we report novel findings related to the impaired capacity of the fatty liver to
respond to dSRNA and related viral challenges:

10. Livers with steatohepatitis fail to activate anti-viral innate immune pathways to
produce Type | IFNs in response to a double-stranded RNA challenge.

11. The MAVS adapter, which is required for Type-l IFN induction after recognition of
dsRNA by the helicase receptors RIG-1 and Mdab5, is dissociated from the mitochondria to
the cytosol and shows impaired oligomerization and function in steatohepatitis.

12. The displacement of MAVS from mitochondria is associated with oxidative stress and
instead of upregulation of the apoptosis cascade, poly I:C promotes necrosis via increased
expression of RIP3 in steatohepatitis.

13. Fourth, we show that dsRNA challenge results in increased liver damage in spite of
decreased TNFa and pro-inflammatory cytokine induction in a diet-induced model of
NASH.

Our novel data might contribute to better understand the pathogenesis of non alcoholic

steatohepatitis and therefore to develop targeted therapy.
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8. SUMMARY

The pathogenesis of non-alcoholic steatohepatitis (NASH), one of the most common liver
diseases, is not fully understood yet. Recently the role of innate immunity has been
implicated in the pathogenesis of NASH. The aim of thesis was to explore and contribute
to the better understanding of the role of innate immunity in the pathogenesis of NASH.

In the first part of the work we focused on the role of the Gram negative bacterial wall
component endotoxin and its receptor, Toll-like receptor 4 in the development of diet-
induced steatohepatitis and fibrosis. We showed that deficiency TLR4-MD-2 receptor
complex is protective from MCD-diet-induced liver steatosis, inflammation, correlates
with attenuated liver injury and confers protection from development of liver fibrosis in
MCD-diet-induced NASH.

In the second part of the work we investigated the role of the pro-inflammatory cytokine
IL-1B and the inflammasome complexes that are responsible for the IL-1p-maturation in
the pathogenesis of NASH. We showed that there is inflammasome activation and
increased IL-1B production in various animal models of NASH. We proposed that the
increased saturated fatty acid influx to the liver together with the gut-derived endotoxin
contributed to the inflammasome activation. Furthermore, we showed that there is a
crosstalk between hepatocytes and immune cells. However, our data also demonstrated that
while IL-1pB is important player in the development of liver steatosis, it is not the only or
key factor of the development of liver injury in MCD diet-induced animal model of
steatohepatitis.

In the third part of the work we aimed to explore the pathogenesis behind the susceptibility
of fatty liver to viral diseases. Our data demonstrated an important role for mitochondrial
damage and MAVS dissociation from the mitochondria in the increased susceptibility of
steatohepatitis to a dSRNA viral challenge.

Our novel findings support the substantial role of innate immunity, including toll-like
receptors (TLR4), inflammasome complexes (NALP3) and pro-inflammatory cytokines
(TNFa and IL-1B) in the pathogenesis of NASH.
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9. OSSZEFOGLALAS

Nem alkoholos steatohepatitis, ami az egyik leggyakoribb majbetegség, pathogenezise nem
teljesen tisztdzott. Az utdbbi években szdmos vizsgalat felvetette a természetes immunités
szerepét a NASH kialakulasaban. Munkank célja a természetes immunvalasz szerepének
vizsgalata volt a nem alkoholos zsirmaj pathogenezisében.

A munka elsé részében a Gram-negativ baktériumok fali alkotoelemének, az endotoxinnak
illetve az endotoxin receptoranak, a Toll-like receptor 4 (TLR4)-nek a NASH
pathogeneziseben betdltott szerepét vizsgéltuk. Eredményeink szerint a TLR4-MD2
receptor komplex hozzajarul a nem alkoholos zsirméj pathogeneziséhez, érinti mind a zsir
akkumul&cié, gyulladas és fibrozis kialakulasat 1évén a TLR4-MD-2 knock-out egerek
részlegesen védettek a diéta indukalta steatohepatitis kialakulasa ellen.

A munka masodik részében egy gyulladasos citokin, az interleukin-1p, illetve az IL-1B
aktivalasaért felelos intracellularis multiprotein komplex, az inflammaszoma szerepét
vizsgaltuk. Kimutattuk, hogy a nem alkohololos steatohepatitis az inflammaszoma
aktivalodasaval és ezaltal fokozott IL-1p termddssel tarsul szdmos Aallatmodellben .
Eredményeink szerint a szaturalt zsirsavak és a bakterialis eredetli endotoxin egyiittesen
vezetnek az inflammaszoma aktivaciéjahoz. Tovabba kimutattuk, hogy az inflammaszdéma
komplex aktivalhaté izolalt egér méajsejtekben is és eredmenyeink alatamasztjak a sérilt
hepatocitdk és immunsejtek kozotti kommunikécié fontossagat. Mindazonaltal, mig a
fokozott IL-1p termeBs valoszinileg hozzajarul a steatosis kialakulasahoz, az altalunk
hasznalt allatmodellben az IL-1 jelatvitel defektusa nem védte ki a méajkarosodast és a
NASH indukalta fibrozist

A munka harmadik részében a NASH betegekben megfigyelhetd csokkent antiviralis
immunitas pathomechanizmusét vizsgaltuk. Eredményeink a mitokondrialis karosodas ill.
ennek kovetkezmenyeként a MAVS csokkent mitokondrialis elhelyezkedésének
fontossagara utaltak a cs6kkent antiviralis immunitas hatterében.

A disszertacioban részletezett munka szamos Uj eredménnyel jarult hozza a nem alkoholos
steatohepatitis pathogenezisének feltérképezéséhez és alatdmasztja a természetes
immunitas, a toll-like receptorok (TLR4), inflammaszoma komplex (NALP3) és

gyulladasos citokinek (TNFo, IL-1p) fontos szerepét a NASH kialakulasaban.
117



DOI:10.14753/SE.2012.1767

10. REFERENCES

! Tiniakos DG, Vos MB, Brunt EM. (2010) Nonalcoholic fatty liver disease: pathology and
pathogenesis. Annu Rev Pathol, 5:145-171.

2 Ludwig J, Viggiano TR, McGill DB, Ott BJ. (1980) Nonalcoholic steatohepatitis: Mayo
Clinic experiences with a hitherto unnamed disease. Mayo Clin Proc, 55: 434-438.

® Bellentani S, Marino M. (2009) Epidemiology and natural history of non-alcoholic fatty
liver disease (NAFLD). Ann Hepatol, 8 Suppl 1:54-8.

* Bedogini G, Miglioli L, Masutti F, Tiribelli C, Marchesini G, Bellentani S. (2005)
Prevalence of and risk factors for non-alcoholic fatty liver disease: the Dionysos nutrition
and liver study. Hepatology, 42:44-52.

® Machado M, Marques-Vidal P, Cortez-Pinto H. (2006) Hepatic histology in obese
patients undergoing bariatric surgery. J Hepatol, 45:600-606.

® Neuschwander-Tetri Bam Caldwell SH. (2003) Nonalcoholic steatohepatitis: summary of
an AASLD Single Topic Conference. Hepatology, 37: 1202-1209.

" Widhalm K, Ghods E. (2010) Nonalcoholic fatty liver disease: a challenge for
pediatricians. Int J Obes (Lond), 34: 1451-1467.

8 Ghouri N, Preiss D, Sattar N. (2010) Liver enzymes, nonalcoholic fatty liver disease, and
incident cardiovascular disease: a narrative review and clinical perspective of prospective
data. Hepatology, 52:1156-1161.

° Fracanzani AL, Valenti L, Bugianesi E, Andreoletti M, Colli A, Vanni E, Bertelli C,
Fatta E, Bignamini D, Marchesini G, Fargion S. (2008) Risk of severe liver disease in non-
alcoholic fatty liver disease with normal aminotransferase levels: a role for insulin
resistance and diabetes. Hepatology, 48: 792-798.

10 Angulo P, Keach JC, Batts KP, Lindor KD. (1999) Independent predictors of liver
fibrosis in patients with nonalcoholic steatohepatitis. Hepatology, 30: 1356-1362.

1 palmentieri B, de Sio I, La Mura V, Masarone M, Vecchione R, Bruno S, Torella R,
Persico M. (2006) The role of bright liver echo pattern on ultrasound B-mode examination
in the diagnosis of liver steatosis. Dig Liver Dis, 38: 485-489.

118



DOI:10.14753/SE.2012.1767

12 Wieckowska A, Zein NN, Yerian LM, Lopez AR, McCullough AJ, Feldstein AE. (2006)
In vivo assessment of liver cell apoptosis as novel biomarker of disease severity in
nonalcoholic fatty liver disease. Hepatology, 44:27-33.

13 McPherson S, Stewart SF, Henderson E, Burt AD, Day CP. (2010) Simple non-invasive
fibrosis scoring systems can reliably exclude advanced fibrosis in patients with non-
alcoholic fatty liver disease. Gut, 59: 1265-1269.

4| assailly G, Caiazzo R, Hollebecque A, Buob D, Leteurtre E, Arnalsteen L, Louvet A,
Pigeyre M, Raverdy V, Verkindt H, Six MF, Eberle C, Patrice A, Dharancy S, Romon M,
Pattou F, Mathurin P. (2011) Validation of noninvasive biomarkers (FibroTest, SteatoTest,
and NashTest) for prediction of liver injury in patients with morbid obesity. Eur J
Gastroenterol Hepatol, 23:499-506.

> Dowman JK, Tomlinson JW, Newsome PN. (2011) Systematic review: the diagnosis
and staging of non-alcohlic fatty liver disease and non-alcoholic steatohepatitis. Aliment
Pharmacol Ther, 33: 525-540.

® Harrison SA, Oliver D, Arnold HL, Gogia S, Neuschwander-Tetri BA. (2008)
Development and validation of a simple NAFLD clinical scoring system for identifying
patients without advanced disease. Gut, 57: 1441-1447.

7 Angulo P, Hui JM, Marchesini G, Bugianesi E, George J, Farrell GC, Enders F, Saksena
S, Burt AD, Bida JP, Lindor K, Sanderson SO, Lenzi M, Adams LA, Kench J, Therneau
TM, Day CP. (2007) The NAFLD fibrosis score: a noninvasive system that identifies liver
fibrosis in patients with NALFD. Hepatology, 45:846-854.

'8 Fujii H, Enomoto M, Fukushima W, Ohfuji S, Mori M, Kobayashi S, Iwai S, Morikawa
H, Tamori A, Sakaguchi H, Ikura Y, Ueda M, Kawada N. (2009) Noninvasive laboratory
tests proposed for predicting cirrhosis in patients with chronic hepatitis C are also useful in
patients with non-alcoholic steatohepatitis. J Gastroenterol, 44:608-614.

9 poynard T, Morra R, Halfon P, Castera L, Ratziu V, Imbert-Bismut F, Naveau S, Thabut
D, Lebrec D, Zoulim F, Bourliere M, Cacoub P, Messous D, Munteanu M, de Ledinghen
V. (2007) Meta-analyses of FibroTest diagnostic value in chronic liver disease. BMC
Gastroenterol, 7: 40.

119


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lassailly%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Caiazzo%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hollebecque%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Buob%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leteurtre%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arnalsteen%20L%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Louvet%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pigeyre%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raverdy%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Verkindt%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Six%20MF%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eberle%20C%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Patrice%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dharancy%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Romon%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pattou%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mathurin%20P%22%5BAuthor%5D�
javascript:AL_get(this,%20'jour',%20'Eur%20J%20Gastroenterol%20Hepatol.');�
javascript:AL_get(this,%20'jour',%20'Eur%20J%20Gastroenterol%20Hepatol.');�

DOI:10.14753/SE.2012.1767

20 Guha IN, Parkes J, Roderick P, Chattopadhyay D, Cross R, Harris S, Kaye P, Burt AD,
Ryder SD, Aithal GP, Day CP, Rosenberg WM. (2008) Noninvasive markers of fibrosis in
nonalcoholic fatty liver disease: validating the European Liver Fibrosis Panel and
exploring simple markers. Hepatology, 47:455-460.

2! De Ledinghen V, Vergniol J. (2008) Trasnient elastography (FibroScan). Gastroenterol
Clin Biol, 32:58-67.

22 Munteanu M, Ratziu V, Morra R, Messous D, Imbert-Bismut F, Oynard T. (2008)
Noninvasive biomarkers for the screening of fibrosis, steatosis and steatohepatitis in
patients with metabolic risk factors: FibroTest-Fibro-Max experience. J Gastrointest Liver
Dis, 17:187-191.

2 poynard T, Ratziu V, Charlotte F, Messous D, Munteanu M, Imbert-Bismut F, Massard
J, Bonyhay L, Tahiri M, Thabut D, Cadranel JF, Le Bail B, de Ledinghen V; LIDO Study
Group; CYTOL study group. (2006) The diagnostic value of biochemical markers
(NashTest) for the predicition on non alcohol steato hepatitis in patients with non-alcoholic
fatty liver disease. BMC Gastroenterol, 6:34.

2 Tannapfel A, Denk H, Dienes HP, Langner C, Schirmacher P, Trauner M, Flott-Rahmel
B. (2011) Histopathological diagnosis of non-alcoholic and alcoholic fatty liver disease.
Virchows Arch, 458: 511-523.

2 Brunt EM, Tiniakos DG. (2010) Histopathology of nonalcoholic fatty liver disease.
World J Gastroenterol, 16: 5286-5296.

%6 Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri BA, Bacon BR. (1999)
Nonalcoholic steatoehpatitis: a proposal for grading and staging the histological lesions.
Am J Gastroenterol, 94: 2467-2474.

T Ishak K, Baptista A, Bianchi L, Callea F, De Groote J, Gudat F, Denk H, Desmet V,
Korb G, MacSween R N, Phillips MJ, Portmann BG, Poulsen H, Scheuer PJ, Schmid M,
Thaler H. (1995) Histological grading and staging of chronic hepatitis. J Hepatol, 22: 696—
699.

120



DOI:10.14753/SE.2012.1767

8 Zivkovic AM, German JB, Sanyal AJ. (2007) Comparative review of diets for the
metabolic syndrome, implications for nonalcoholic fatty liver disease. Am J Clin Nutr, 86:
285-300.

? gatapathy SK, Sanyal AJ. (2010) Novel treatment modalities for nonalcoholic
steatohepatitis. Trends in Endocrin Metabol, 21: 668-675.

% | oguercio C, Federico A, Trapolliere A, Tuccilo C, de Sio I, Di Leva A, Niosi M,
Di Auria MV, Capasso R, Del Vecchio Blanco C, Real Sud Group. (2007) The effect of a
silybin-vitamin E-phospholipid complex on nonalcoholic fatty liver disease, a pliot study.
Dig Dis Sci, 52: 2387-2395.

31 |euschner UF, Lindenthal B, Herrmann G, Arnold JC, Réssle M, Cordes HJ, Zeuzem S,
Hein J, Berg T; NASH Study Group. (2010) High-dose ursodeoxycholic acid therapy for
nonalcoholic steatohepatitis: a double-blind, randomized, placebo-controlled trial.
Hepatology, 52: 472-479.

%2 satapathy SK, Sakhuja P, Malhotra V, Sharma BC, Sarin SK. (2007) Beneficial effects
of pentoxifylline on hepatic steatosis, fibrosis, and necroinflammation in patients with non-
alcoholic steatohepatitis. J Gastroenterol Hepatol, 22: 6324-6638.

%8 Ratziu V, Charlotte F, Bernhardt C, Giral P, Halbron M, Lenaour G, Hartmann-Heurtier
A, Bruckert E, Poynard T, LIDO Study Group. (2010) Long term efficacy of rosiglitazone
in nonalcoholic steatohepatitis, results of the fatty liver improvement by rosiglitazone
therapy (FLIRT?2) extension trial. Hepatology, 51: 445-453.

% Belfort R, Harrison SA, Brown K, Darland C, Finch J, Hardies J, Balas B, Gastaldelli A,
Tio F, Pulcini J, Berria R, Ma JZ, Dwivedi S, Havranek R, Fincke C, DeFronzo R,
Bannayan GA, Schenker S, Cusi K. (2006) A placebo-controlled trial of pioglitazone in
subjects with nonalcoholic steatohepatitis. N Engl J Med, 355: 2297-2307.

% |utchman G, Modi A, Kleiner DE, Promrat K, Keller T, Ghany M, Borg B, Loomba M,
Liang TJ, Premkumar A, Hoofnagle JH. (2007) The effects of discontinuing pioglitazone
in patients with nonalcoholic steatohepatitis. Hepatology, 46: 424-429.

% sanyal AJ, Mofrad PS, Contos MJ, Sargeant C, Luketic VA, Sterling EK, Stravitz RT,
Shiffman ML, Clore J, Mills AS. (2004) A pilot study of vitamin E versus vitamin E and

121


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leuschner%20UF%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lindenthal%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herrmann%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arnold%20JC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22R%C3%B6ssle%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cordes%20HJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zeuzem%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hein%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berg%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22NASH%20Study%20Group%22%5BCorporate%20Author%5D�

DOI:10.14753/SE.2012.1767

pioglitazone for the treatment of nonalcoholic steatohepatitis. Clin Gastroenterol Hepatol,
2:1107-1115.

37 Klonoff DC, Buse JB, Nielsen LL, Guan X, Bowlus CL, Holcombe JH, Wintle ME,
Maggs DG. (2008) Exenatide effects on diabetes, obesity, cardiovascular risk factors and
hepatic biomarkers in patients with type 2 diabetes treated for at least 3 years. Curr Med
Res Opin, 24: 275-286.

% Abdelmalek MF, Sanderson SO, Angulo P, Soldevila-Pico C, Liu C, Peter J, Keach J,
Cave M, Chen T, McClain CJ, Lindor KD. (2009) Betaine for nonalcoholic fatty liver
disease, results of a randomized placebo-controlled trial. Hepatology, 50: 1818-1826.

% Yokohama S, Yoneda M, Haneda M, Okamoto S, Okada M, Aso K, Hasegawa T,
Tokusashi Y, Miyokawa N, Nakamura K. (2004) Therapeutic efficacy of an angiotensin Il
receptor antagonist in patients with nonalcoholic steatohepatitis. Hepatology, 40: 1222-
1225.

0 Wierzbicki AS, Pendleton S, McMahon Z, Dar A, Oben J, Croom MA, Botha AJ. (2011)
Rimonabant imporves cholesterol, insulin resistance and markers of non-alcohlic fatty liver
in morbidly obese patients: a retrospective study. Int J Clin Pract, 65: 713-715.

! Ekstedt M, Franzén LE, Mathiesen UL, Holmqvist M, Bodemar G, Kechagias S. Statins
in non-alcoholic fatty liver disease and chronically elevated liver enzymes, a
histopathological follow-up-study. J Hepatol 2007; 47: 135-141.

%2 Selzner M, Rudiger HA, Sindram D, Maddan J, Clavien PA. (2000) Mechanisms of
ischemic injury are different in the steatotic and normal rat liver. Hepatology, 32:1280-
1288.

3 Selzner N, Selzner M, Jochum W, Amann-Vesti B, Graf R, Clavien PA. (2006) Mouse
livers with macrosteatosis are more susceptible to normothermic ischemic injury than those
with microsteatosis. J Hepatol, 44:694-701.

* Szabo G, Velayudham A, Romics L,Jr, Mandrekar P. (2005) Modulation of non-
alcoholic steatohepatitis by pattern recognition receptors in mice: the role of toll-like
receptors 2 and 4. Alcohol Clin Exp Res, 29: 140S-145S.

122


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Buse%20JB%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nielsen%20LL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Guan%20X%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bowlus%20CL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Holcombe%20JH%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wintle%20ME%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maggs%20DG%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanderson%20SO%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Angulo%20P%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Soldevila-Pico%20C%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20C%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Peter%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Keach%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cave%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McClain%20CJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lindor%20KD%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yoneda%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Haneda%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Okamoto%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Okada%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aso%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hasegawa%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tokusashi%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miyokawa%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakamura%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Franz%C3%A9n%20LE%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mathiesen%20UL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Holmqvist%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bodemar%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kechagias%20S%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

* Donthamsetty S, Bhave VS, Mitra MS, Latendresse JR, Mehendale HM. (2008)
Nonalcoholic steatohepatitic (NASH) mice are protected from higher hepatotoxicity of
acetaminophen upon induction of PPARalpha with clofibrate. Toxicol Appl Pharmacol,
230: 327-337.

*® Nieto N, Rojkind M. (2007) Repeated whiskey binges promote liver injury in rats fed a
choline-deficient diet. J Hepatol, 46: 330-339.

47 Bellentani S, Marino M. (2009) Epidemiology and natural history of non-alcoholic fatty
liver disease (NAFLD). Ann Hepatol, 8 Suppl 1: S4-8.

8 Younossi ZM, McCullough AJ. (2009) Metabolic syndrome, non-alcoholic fatty liver
disease and hepatitis C virus: impact on disease progression and treatment response. Liver
Int, 29 Suppl 2: 3-12.

* Hui JM, Sud A, Farrell GC, Bandara P, Byth K, Kench JG, McCaughan GW, George J.
(2003) Insulin resistance is associated with chronic hepatitis C virus infection and fibrosis
progression. Gastroenterology, 125: 1695-1704.

% Chehadeh W, Al-Nakib W. (2009) Severity of liver disease predicts the development of
glucose abnormalities in patients with chronic hepatitis B or C following achievement of
sustained virological response to antiviral therapy. J Med Virol, 81: 610-618.

' Kahraman A, Miller M, Gieseler RK, Gerken G, Scolaro MJ, Canbay A. (2006) Non-
alcoholic fatty liver disease in HIV-positive patients predisposes for acute-on-chronic liver
failure: two cases. Eur J Gastroenterol Hepatol, 18:101-105.

%2 Crum-Cianflone N, Dilay A, Collins G, Asher D, Campin R, Medina S, Goodman Z,
Parker R, Lifson A, Capozza T, Bavaro M, Hale B, Hames C. (2009) Nonalcoholic fatty
liver disease among HIV-infected persons. J Acquir Immune Defic Syndr, 50: 464-473.

>3 Merchante N, Mira JA, Pineda JA. (2009) Non alcoholic steatosis in HIV infection. Med
Clin (Barc), 133: 112-116.

* Villarroya F, Domingo P, Giralt M. (2010) Drug-induced lipotoxicity: lipodystrophy
associated with HIV-1 infection and antiretroviral treatment. Biochim Biophys Acta, 1801:
392-399.

123


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gerken%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scolaro%20MJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Canbay%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Asher%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Campin%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Medina%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�

DOI:10.14753/SE.2012.1767

*® Ingiliz P, Valantin MA, Duvivier C, Medja F, Dominguez S, Charlotte F, Tubiana R,
Poynard T, Katlama C, Lombes A, Benhamou Y. (2009) Liver damage underlying
unexplained transaminase elevation in human immunodeficiency virus-1 mono-infected
patients on antiretroviral therapy. Hepatology, 49: 436-442.

*® Day CP, James OF. (1998) Steatohepatitis: a tale of two “hits”? Gastroenterology, 114
842-845.

>" Day CP. James OF. (2006) From fat to inflammation. Gastroenterology, 130: 207-210.
%8 Feldstein AE, WErneburg NW, Canbay A, Guicciardi ME, Bronk SF, Rydzewski R,
Burgart LJ, Gores GJ. (2004) Free fatty acids promote hepatic lipotoxicity by stimulating
TNF-alpha expression via a lysomoal pathway. Hepatology, 40: 185-194.

%% Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. (2006) TLR4 links innate
immunity and fatty acid-induced insulin resistance. J Clin Invest, 116: 3015-3025.

% Tilg H, Moschen AR. (2010) Evolution of inflammation in nonalcoholic fatty liver
disease: The multiple parallel hits hypothesis. Hepatology, 52: 1836-1846.

%1 postic C, Girard J. (2008) Contribution of de novo fatty acid synthesis to hepatic
steatosis and insulin resistance: lessons from genetically engineered mice. J Clin Invest,
118: 829-838.

%2 Lewis GF, Carpentier A, Adeli K, Giacca A. (2002) Disordered fat storage and
mobilization in the pathogenesis of insulin resistance and type 2 diabetes. Endocrin Rev,
23: 201-229.

% Samuel VT, Liu ZX, Qu X, Elder BD, Bilz S, Befroy D, Romanelli AJ, Shulman Gl.
(2004) Mechanism of hepatic insulin resistance in non-alcoholic fatty liver disease. J Biol
Chem, 279: 32345-32353.

% Tiniakos DG, Vos MB, Brunt EM. (2010) Nonalcoholic fatty liver disease: pathology
and pathogenesis. Annu Rev Pathol, 5: 145-171.

% Maher JJ, Leon P, Ryan JC. (2008) Beyond insulin resistance: Innate immunity in
nonalcoholic steatohepatitis. Hepatology, 48: 670-678.

% Tilg H. (2010) The role of cytokines in non-alcoholic fatty liver disease. Dig Dis, 28:
179-185.

124



DOI:10.14753/SE.2012.1767

%" yYuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, Karin M, Shoelson SE. (2001)
Reversal of obesity-and diet-induced insulin resistance with salicylates or targeted
disruption of Ikkbeta. Science, 293: 1673-1677.

% park EJ, Lee JH, Yu GY, He G, Ali SR, Holzer RG, Osterreicher CH, Takahashi H,
Karin M. (2010) Dietary and genetic obesity promote liver inflammation and
tumorigenesis by enhancing IL-6 and TNF expression. Cell, 140: 197-208.

% Hui JM, Hodge A, Farrell GC, Kench JG, Kriketos A, George J. (2004) Beyond insulin
resistance in NASH: TNF-alpha or adiponectin? Hepatology, 40: 46-54.

" Crespo J, Cayon A, Fernandez-Gil P, Hernandez-Guerra M, Mayorga M, Dominguez-
Diez A, Fernandez-Escalante JC, Pons-Romero F. (2001) Gene expression of tumor
necrosis factor alpha and TNF-receptors, p55 and p75, in nonalcoholic steatohepatitis
patients. Hepatology, 34: 1158-1163.

™ Haukeland JW, Damas JK, Konopski Z, Loberg EM, Haaland T, Goverud I, Torjesen
PA, Birkeland K, Bjaro K, Aukrust P. (2006) Systemic inflammation in nonalcoholic fatty
liver disease is characterized by elevated levels of CCL2. J Hepatol, 44: 1167-1174.

"2 Fernandez-Real JM, Vayreda M, Richart C, Gutierrez C, Broch M, Vendrell J, Ricart V.
(2001) Circulating interleukin 6 levels, blood pressure, and insulin sensitivity in apparently
healthy men and women. J Clin Endocrin Metab, 86: 1154-11509.

"3 Sabio G, Das M, Mora A, Zhang Z, Jun JY, Ko HJ, Barrett T, Kim JK, Davis RJ. (2008)
A stress signaling pathway in adipose tissue regulates hepatic insulin resistance. Science,
322: 1539-1543.

* Wallenius Vm Wallenius K, Ahren B, Rudling M, Carlsten H, Dickson SL, Ohlosson C,
Jansson JO. Interleukin-6-deficient mice develop mature-onset obesity. Nat Med 2002; 8:
75-79.

> Chitturi S, Farrel G, Frost L, Kriketos A, Lin R, Fung C, Liddle C, Samarasinghe D,
George J. (2002) Serum leptin in NASH correlates with hepatic steatosis but not fibrosis: a
manifestation of lipotoxicity? Hepatology, 36: 403-409.

’® Bugiansei E, Pagotto U, Manini R, Vanni E, Gastaldelli A, De lasio R, Gentilcore E,
Natale S, Cassader M, Rizzetto M, Pasquali R, Marchesini G. (2005) Plasma adiponectin

125


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Osterreicher%20CH%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takahashi%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Karin%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gentilcore%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Natale%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cassader%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rizzetto%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pasquali%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marchesini%20G%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

in nonalcoholic fatty liver is related to hepatic insulin resistance and hepatic fat content,
not to liver disease severity. J Clin Endocrinol Metab, 90: 3498-3504.

" Huang XD, Fan Y, Zhang H, Wang P, Yuan JP, Li MJ, Zhan XY. (2008) Serum leptin
and soluble leptin receptos in non-alcoholic fatty liver disease. World J Gastroenterol, 14:
2888-2893.

® Kim JY, van de Wall E, Laplante M, Azzara A, Trujillo ME, Hofmann SM, Schraw T,
Durand JL, Li H, Li G, Jelicks LA, Mehler MF, Hui DY, Deshaies Y, Shulman GI,
Schwartz GJ, Scherer PE. (2007) Obesity-associated improvements in metabolic profile
through expansion of adipose tissue. J Clin Invest, 117: 2621-2637.

”® Dumas ME, Barton RH, Toye A, Cloarec O, Blancher C, Rothwell A, Fearnside J,
Tatoud R, Blanc V, Lindon JC, Mitchell SC, Holmes E, McCarthy MI, Scott J, Gauguier
D, Nicholson JK. (2006) Metabolic profiling reveals a contribution of gut microbiota to
fatty liver phenotype in insulin-resistant mice. PNAS USA, 103: 12511-12516.

8 Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck AM, Fava F,
Tuohy KM, Chabo C, Waget A, Delmée E, Cousin B, Sulpice T, Chamontin B, Ferriéres J,
Tanti JF, Gibson GR, Casteilla L, Delzenne NM, Alessi MC, Burcelin R. (2007) Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes, 56: 1761-1772.

8 Miele L, Valenza V, La Torre G, Montalto M, Cammarota G, Ricci R, Masciana R,
Forgione A, Gabrieli ML, Perotti G, Vecchio FM, Rapaccini G, Gasbarrini G, Day CP,
Grieco A. (2009) Increased intestinal permeability and tight junction alterations in non-
alcoholic fatty liver disease. Hepatology, 49: 1877-1887.

82 Rivera CA, Adegboyega P, van Rooijen N, Tagalicud A, Allman M, Wallace M. (2007)
Toll-like receptor-4 signaling and Kupffer cells play pivotal roles in the pathogenesis of
non-alcoholic steatohepatitis. J Hepatol, 47: 571-579.

8 i Z, Yang S, Lin H, Huang J, Watkins PA, Moser AB, Desimone C, Song XY, Diehl
AM. (2003) Probiotics and antibodies to TNF inhibit inflammatory activity and improve
nonalcoholic fatty liver disease. Hepatology, 37: 343-350.

126


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schraw%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Durand%20JL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jelicks%20LA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mehler%20MF%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hui%20DY%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Deshaies%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shulman%20GI%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schwartz%20GJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scherer%20PE%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fearnside%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tatoud%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Blanc%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lindon%20JC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mitchell%20SC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Holmes%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCarthy%20MI%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scott%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gauguier%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gauguier%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nicholson%20JK%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

8 Velayudham A, Dolagniuc A, Ellis M, Petrasek J, Kodys K, Mandrekar P, Szabo G.
(2009) VSL#3 probiotic treatment attenuates fibrosis without changes in steatohepatitis in
a diet-induced nonalcoholic steatohepatitis model in mice. Hepatology, 49: 989-997.

% Vijay-Kumat M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, Srinivasan S,
Sitaraman SV, Knight R, Ley RE, Gewirtz AT. (2010) Metabolic syndrome and altered gut
microbiota in mice lacking Toll-like receptor 5. Science, 328: 228-231.

% Sanyal AJ, Campbell-Sargent C, Mirshahi F, Rizzo WB, Contos MJ, Sterling RK,
Luketic VA, Shiffman ML, Clore JN. (2001) Nonalcoholic steatohepatitis: association of
insulin resistance and mitochondrial abnormalities. Gastroenterology, 120:1183-1192.

8 perez-Carreras M, Del Hoyo P, Martin MA, Rubio JC, Martin A, Castellano G, Colina
F, Arenas J, Solis-Herruzo J. (2003) Defective hepatic mitochondrial respiratory chain in
patients with nonalcoholic steatohepatitis. Hepatology, 38: 999-1007.

8 Wei Y, Rector RS, Thyfault JP, Ibdah JA. (2008) Nonalcoholic fatty liver disease and
mitochondrial dysfunction. World J Gastroenterol, 14: 193-199.

% Yesilova Z, Yaman H, Oktenli C, Ozcan A, Uygun A, Cakir E, Sanisoglu SY, Erdil A,
Ates Y, Aslan M, Musabak U, Erbil MK, Karaeren N, Dagalp K. (2005) Systemic markers
of lipid peroxidation and antioxidants in patients with nonalcoholic fatty liver disease. Am
J Gastroenterol, 100: 850-855.

% \Wei Y, Wang D, Topczewski F, Pagliassotti MJ. (2010) Saturated fatty acids induce
endoplamic reticulum stress and the inflammatory basis of metabolic disease. Cell, 140:
900-917.

L yang L, Li P, Fu S, Calay ES, Hotamisligil GS. (2010) Defective hepatic autophagy in
obesity promotes ER stress and causes insulin resistance. Cell Metab, 11: 467-478.

% Valenti L, Al Serri A, Daly AK, Galmozzi E, Rametta R, Dongiovanni P, Nobili V,
Mozzi E, Roviaro G, Vanni E, Bugianesi E, Maggioni M, Fracanzani AL, Fargion S, Day
CP. (2010) Homozygosity for the patatin-like phospholipase-3/adiponutrin 1148M
polymorphism influences liver fibrosis in patients with nonalcoholic fatty liver disease.
Hepatology, 51: 1209-1217.

127


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sitaraman%20SV%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Knight%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ley%20RE%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gewirtz%20AT%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ibdah%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanisoglu%20SY%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Erdil%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ates%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aslan%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Musabak%20U%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Erbil%20MK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Karaeren%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dagalp%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nobili%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mozzi%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roviaro%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vanni%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bugianesi%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maggioni%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fracanzani%20AL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fargion%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Day%20CP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Day%20CP%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

% Dowman JK, Tomlinson JW, Newsome PN. (2010) Pathogenesis of non-alcoholic fatty
liver disease Q J Med, 103: 71-83

% Takeuchi O, Akira S. (2010) Pattern recognition receptors and inflammation. Cell, 140:
805-820.

% Nusslein-Volhard C, Wieschaus E. (1980) Mutation affecting segment number and
polarity in Drosophila. Nature, 287: 795-801.

% Belvin MP, Anderson KV. (1996) A conserved signaling pathway: the Drosophila toll-
dorsal pathway. Annu Rev Cell Dev Biol, 12: 393-416.

" Rosetto M, Engstrom Y, Baldari CT, Telford JL, Hultmark D. (1995) Signals from the
IL-1 receptor homolog, Toll, can activate an immune response in a Drosphila hemocyte
cell line. Biochem Biophys Res Commun, 209: 111-116.

% Rock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF. (1998) A family of human
receptors structurally related to Drosophila Toll. Proc Natl Acad Sci USA, 95: 588-593.

% Fukata M, Vamadevan AS, Abreu MT. (2009) Toll-like receptors (TLRs) and Nod-like
receptors (NLRs) in inflammatory disorders. Semin Immunology, 21: 242-253.

190 7hang X, Mosser DM. (2008) Macrophage activation by endogenous danger signals. J
Pathol, 214: 161-178.

101 seki E, Brenner DA. (2008) Toll-like receptors and adaptor molecules in liver disease:
update. Hepatology, 48: 322-335.

102 Kawai T, Akira S. (2008) Toll-like receptor and RIG-1-like receptor signaling. Ann NY
Acad Sci, 1143: 1-20.

103 Ablasser A, Bauernfeind F, Hartmann G, Latz E, Fitzgerald KA, Hornung V. (2009)
RIG-I-dependent sensing of poly(dA:dT) through the induction of an RNA polymerase I11-
transcribed RNA intermediate. Nat Immunol, 10: 1065-1072.

104 Onoguchi K, Yoneyama M, Fujita T. (2011) Retinoic acid-inducible gene 1 like
receptors. J Interferon & Cytokine Research, 31: 27-31.

195 Seth RB, Sun L, Ea CK, Chen ZJ. (2005) Identification and characterization of MAVS,
a mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell, 122:
669-682.

128



DOI:10.14753/SE.2012.1767

106 Tang ED, Wang CY. (2009) MAVS self-association mediates antiviral innate immune
signaling. J Virol, 83: 3420-3428.

197 Baril M, Racine ME, Penin F, Lamarre D. (2009) MAVS dimer is crucial signaling
component of innate immunity and the target of hepatitis C virus NS3/4A protease. J Virol,
83: 1299-1311.

108 Kato H, Sato S, Yoneyama M, Yamamoto M, Uematsu S, Matsui K, Tsujimura T,
Takeda K, Fujita T, Takeuchi O, Akira S. (2005) Cell-type specific involvement of RIG-I
in antiviral response. Immunity, 23:19-28.

109 McCartney S, Vermi W, Gilfillan S, Cella M, Murphy TL, Schreiber RD, Murphy KM,
Colonna M. (2009) Distinct and complementary functions of Mda5 and TLR3 in poly(l:C)-
mediated activation of mouse NK cells. J Exp Med, 206: 2967-2976.

19 McCartney S, Vermi W, Gilfillan S, Cella M, Murphy TL, Schreiber RD, Murphy KM,
Colonna M. (2009) Distinct and complementary functions of MDA5 and TLR3 in
poly(l:C)-mediated activation of mouse NK cell. J Exp Med, 206: 2967-2976.

1 ju HM, Gale M Jr. (2010) Hepatitis C Virus evasion from RIG-I-dependent hepatic
innate immunity. Gastroenterol Res Practice, Article 1D 548390

12 Mozer-Lisewska I, Sikora J, Kowala-Piaskowska A, Kaczmarek M, Dworacki G,
Zeromski J. (2010) The incidence and significance of pattern-recognition receptors in
chronic viral hepatitis types B and C in man. Arch Immunol Ther Exp, 58: 295-302.

113 Scott 1, Norris KL. (2008) The mitochondrial antiviral signaling protein, MAVS, is
cleaved during apoptosis. Biochem Biophys Res Commun, 375: 101-106.

1% Qu L, Lemon SM. (2010) Hepatitis A and hepatitis C viruses: divergent infection
outcomes marked by similarities in induction and evasion of interferon responses. Semin
Liv Dis, 30: 319-332.

1% Harada K, Nakanuma Y. (2010) Biliary innate immunity in the pathogenesis of biliary
diseases. Inflamm Allergy Drug Targets, 9: 83-90.

18 Martinon F, Burns K, Tschopp J. (2002) The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of pro-IL-beta. Mol Cell,
10: 417-426.

129



DOI:10.14753/SE.2012.1767

117 Martinon F, Tschopp J. (2007) Inflammatory caspases and inflammasomes: master
switches of inflammation. Cell Death Diffe, 14: 10-22.

18 cayrol C, Girard JP. (2009) The IL-1-like cytokine 1L-33 is inactivated after maturation
by caspase-1. Proc Natl Acad Sci USA, 106: 9021-9026

19 Dinarello CA. (2009) Immunological and inflammatory functions of the interleukin-1
family. Annu Rev Immunol, 27: 519-550

120 Okamura H, Nagata K, Komatsu T, Tanimoto T, Nukata Y, Tanabe F, Akita K, Torigoe
K, Okura T, Fukuda S. (1995) A novel costimulatory factor for gamma interferon
induction found in the livers of mice causes endotoxic shock. Infect Immun, 63: 3966-
3972,

121 pyren AJ, Fantuzzi G, Dinarello CA. (1999) Gene expression, synthesis, and secretion
of interleukin 18 and interleukin-lbeta are differentially regulated in human blood
mononuclear cells and mouse spleen cells. Proc Natl Acad Sci USA, 96: 2256-2261.

122 5chmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, Zurawski G,
Moshrefi M, Qin J, Li X, Gorman DM, Bazan JF, Kastelein RA. (2005) IL-33, an
interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and
induces Thelper type 2-associated cytokines. Immunity, 23: 479-490.

123 Carriere V, Roussel L, Ortega N, Lacorre DA, Americh L, Aguilar L, Bouche G, Girard
JP. (2007) IL-33, the IL-1-like cytokine ligand for ST2 receptor, is a chromatin-associated
nuclear factor in vivo. Proc Natl Acad Sci USA, 104: 282-287.

124 Ting JPY, Willingham SB, Bergstralh DT. (2008) NLRs at the intersection of cell death
and immunity. Nature, 8: 372-379.

125 Gurcel L, Abrami L, Girardin S, Tschopp J, van der Goot FG. (2006) Caspase-1
activation of lipid metabolic pathways in response to bacterial pore-fprming toxins
promotes cell survival. Cell, 126: 1135-1145.

126 Martinon F, Petrilli VV, Mayor A, Tardivel A, Tshopp J. (2006) Gout-associated uric
acid crystals activate the NALP3 inflammasome. Nature, 440: 237-241.

130


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nagata%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Komatsu%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tanimoto%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nukata%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tanabe%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Akita%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Torigoe%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Torigoe%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Okura%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fukuda%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Owyang%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Oldham%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Song%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Murphy%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McClanahan%20TK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zurawski%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moshrefi%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Qin%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20X%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gorman%20DM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bazan%20JF%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kastelein%20RA%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

127 Eisenbarth SC, Colegio OR, O'Connor W, Sutterwala FS, Flavell RA. (2008) Crucial
role for the Nalp3 inflammasome in the immunstimulatory properties of aluminium
adjuvants. Nature, 453: 1122-1126.

128 Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, Fitzgerald KA,
Latz E. (2008) Silica crystals and aluminium salts activate the NALP3 inflammasome
through phagosomal destabilization. Nat Immunol, 9: 847-856.

129 Dosert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, Tschopp J. (2008) Innate
immune activation through Nalp3 inflammasome sensing of asbestos and silica. Science,
320: 674-677.

130 puewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, Abela GS,
Franchi L, Nufiez G, Schnurr M, Espevik T, Lien E, Fitzgerald KA, Rock KL, Moore KJ,
Wright SD, Hornung V, Latz E. (2010) NLRP3 inflammasome are required for
atherogenesis and activated by cholesterol crystals. Nature, 464: 1357-1361.

131 Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel T, Fitzgerald
KA, Latz E, Moore KJ, Golenbock DT. (2008) The Nalp3 inflammasome is involved in
the innate immune response to amyloid-beta. Nat Immunol, 9: 857-865.

132 yYamasaki K, Muto J, Taylor KR, Cogen AL, Audish D, Bertin J, Grant EP, Coyle AJ,
Misaghi A, Hoffman HM, Gallo RL. (2009) NLRP3/cryoporin is necessary for interleukin-
1beta (IL-1beta) release in response to hyaluronan, an endogenous trigger of inflammation
in response to injury. J Biol Chem, 284: 12762-12771.

133 Dostert C, Guarda G, Romero JF, Menu P, Gross O, Tardivel A, Suva ML, Stehle JC,
Kopf M, Stamenkovic I, Corradin G, Tschopp J. (2009) Malarial hemozoin is a Nalp3
inflammasome activating danger signal. PloS One, 4: €6510

13% Sharp FA, Ruane D, Claass B, Creagh E, Harris J, Malyala P, Singh M, O'Hagan DT,
Pétrilli V, Tschopp J, O'Neill LA, Lavelle EC. (2009) Uptake of particulate vaccine
adjuvants by dendritic cells activate the NALP3 inflammasome. Proc Nat Acad Sci USA
2009; 106: 870-875.

131


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kono%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rayner%20KJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sirois%20CM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vladimer%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bauernfeind%20FG%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abela%20GS%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Franchi%20L%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nu%C3%B1ez%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schnurr%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Espevik%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lien%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fitzgerald%20KA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rock%20KL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moore%20KJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wright%20SD%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hornung%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Latz%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hornung%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Petzold%20GC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stewart%20CR%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Monks%20BG%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reinheckel%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fitzgerald%20KA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fitzgerald%20KA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Latz%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moore%20KJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Golenbock%20DT%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muto%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Taylor%20KR%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cogen%20AL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Audish%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bertin%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grant%20EP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Coyle%20AJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Misaghi%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hoffman%20HM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gallo%20RL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Guarda%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Romero%20JF%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Menu%20P%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gross%20O%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tardivel%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Suva%20ML%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stehle%20JC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kopf%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stamenkovic%20I%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Corradin%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tschopp%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ruane%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Claass%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Creagh%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harris%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Malyala%20P%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Singh%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O'Hagan%20DT%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9trilli%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tschopp%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O'Neill%20LA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lavelle%20EC%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

135 Mariathasan S, , Weiss DS, Newton K, McBride J, O'Rourke K, Roose-Girma M, Lee
WP, Weinrauch Y, Monack DM, Dixit VM. Cryopyrin activates the inflammasome in
response to toxins and ATP. Nature, 440: 228-232

13 Munoz-Planillo R, Franchi L, Miller LS, Nunez G. (2009) A critical role for hemolysins
and bacterial lipoproteins in Staphylococcus aureus-induced activation of the Nlirp3
inflammasome. J Immunol, 183: 3942-3948.

37 Harder J, Franchi L, Munoz-Planillo R, Park JH, Reiner T, Nunez G. (2009) Actiavtion
of Nlrp3 inflammasome by Streptococcus pyogenes requires streptolysin O and NFkappa
B activation but proceeds independently of TLR signaling and P2X7 receptor. J Immunol,
183: 5823-5829.

138 Ichinohe T, Pang IK, lwasaki A. (2010) Influenza virus activates inflammasomes via its
intracellular M2 ion channel. Nat Immunol,11: 404-410.

139 Kanneganti TD, Lamkanfi M, Kim YG, Chen G, Park JH, Franchi L, Vandenabeele P,
Nunez G. (2007) Pannexin-1 mediated recognition of bacterial molecules activates the
cryoporin inflammasome independent of toll-like receptor signaling. Immunity, 26: 433-
443.

149 Kanneganti TD, Oz6ren N, Body-Malapel M, Amer A, Park JH, Franchi L, Whitfield J,
Barchet W, Colonna M, Vandenabeele P, Bertin J, Coyle A, Grant EP, Akira S, Nufiez G.
(2006) Bacterial RNA and small antiviral compounds activate caspase-1 through
cryoporin/Nalp3. Nature, 440: 233-236.

141 Boyden ED, Dietrich WF. (2006) Nalp1b controls mouse macrophage susceptibility to
anthrax lethal toxin. Nat Genet, 38: 240-244.

142 Bryey JM, Bruey-Sedano N, Luciano F, Zhai D, Balpai R, Xu C, Kress CL, Bailly-
Maitre B, Li X, Osterman A, Matsuzawa S, Terskikh AV, Faustin B, Reed JC. (2007) Bcl-
2 and Bcl-XL regulate proinflammatory caspase-1 actiavation by interaction with Nalpl.
Cell, 129: 45-46.

143 | ara-Tejero M, Sutterwala FS, Ogura Y, Grant EP, Bertin J, Coyle AJ, Flavell RA,
Galan JE. (2006) Role of caspase-1 inflammasome in Salmonella typhimurium
pathogenesis. J Exp Med, 203: 1407-1412.

132


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weiss%20DS%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Newton%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McBride%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O'Rourke%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roose-Girma%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20WP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20WP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weinrauch%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Monack%20DM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dixit%20VM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Oz%C3%B6ren%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Body-Malapel%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amer%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Park%20JH%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Franchi%20L%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Whitfield%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barchet%20W%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Colonna%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vandenabeele%20P%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bertin%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Coyle%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grant%20EP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Akira%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22N%C3%BA%C3%B1ez%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bruey-Sedano%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Luciano%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhai%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Balpai%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xu%20C%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kress%20CL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bailly-Maitre%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bailly-Maitre%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20X%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Osterman%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Matsuzawa%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Terskikh%20AV%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Faustin%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reed%20JC%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

144 Mariathasan S, Newton K, Monack DM, Vucic D, French DM, Lee WP, Erickson S,
Dixit VM. (2004) Differential activation of the inflammasome by caspase-1 adaptors ASC
and Ipaf. Nature, 430: 213-218.

“* Vinzing M, Eitel J, Lippmann J, Hocke AC, Zahlten J, Slevogt H, N'guessan PD,
Gunther S, Schmeck B, Hippenstiel S, Flieger A, Suttorp N, Opitz B. (2008) NAIP and
Ipaf control Legionella Pneumophila replication in human cells. J Immunol, 180: 6808-
6815.

148 Miao EA, Ernst RK, Dors M, Mao DP, Aderem A. (2008) Pseudomonas aeruginosa
specifically activates caspase 1 through Ipaf. Proc Nat Acad Sci USA, 105: 2562-2567.

T Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR,
Latz E, Fitzgerald KA. (2009) AIM2 recognizes cytosolic dSDNA and forms a caspase-1
activating inflammasome with ASC. Nature, 26: 514-518.

148 Muruve DA, Pétrilli V, Zaiss AK, White LR, Clark SA, Ross PJ, Parks RJ, Tschopp J.
(2008) The inflammasome recognizes cytosolic microbial and host DNA and triggers
innate immune response. Nature, 452: 103-108.

19 Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, Englert JA,
Rabinovitch M, Cernadas M, Kim HP, Fitzgerald KA, Ryter SW, Choi AM. (2011)
Autophagy proteins regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol, 12: 222-230.
139 Fink SL, Bergsbaken T, Cookson BT. (2008) Anthrax lethal toxin and Salmonella elicit
the common cell death pathway of caspase-1-dependent pyroptosis via distinct
mechanisms. Proc Natl Acad Sci USA, 105: 4312-4317.

B Wickliffe KE, Leppla SH, Moayeri M. (2008) Anthrax lethal toxin-induced
inflammasome formation and caspase-1 activation are late events dependent on ion fluxes
and the proteasome. Cell Microbiol,10: 332-343.

152 Kummer JA, Broekhuizen R, Everett H, Agostini L, Kuijk L, Martinon F, van Bruggen
R, Tschopp J. (2007) Inflammasome components NALP1 and 3 show distinct but separate
expression profiles in human tissues suggesting a site-specific role in the inflammatory
response. J Histochem Cytochem, 55: 443-452.

133


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eitel%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lippmann%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hocke%20AC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zahlten%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Slevogt%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22N'guessan%20PD%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22G%C3%BCnther%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schmeck%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hippenstiel%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Flieger%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Suttorp%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Opitz%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miao%20EA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ernst%20RK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dors%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mao%20DP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aderem%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ablasser%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Charrel-Dennis%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bauernfeind%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Horvath%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Caffrey%20DR%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Latz%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fitzgerald%20KA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9trilli%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zaiss%20AK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22White%20LR%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clark%20SA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ross%20PJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Parks%20RJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tschopp%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakahira%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Haspel%20JA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rathinam%20VA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20SJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dolinay%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lam%20HC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Englert%20JA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rabinovitch%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cernadas%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20HP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fitzgerald%20KA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ryter%20SW%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Choi%20AM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakahira%20mitochondria%20inflammasome�

DOI:10.14753/SE.2012.1767

153 Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, Fernandes-
Alnemri T, Wu J, Monks BG, Fitzgerald KA, Hornung V, Latz E. (2009) Cutting edge:
NF-kappaB activating pattern recognition and cytokine receptors license NLRP3
inflammasome activation by regulating NLRP3 expression. J Immunol, 183: 787-791.

5% Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, Tschopp J. (2008) Innate
immune activation through Nalp3 inflammasome sensing of asbestos and silica. Science,
320: 674-677.

135 Cruz CM, Rinna A, Forman HJ, Ventura AL, Persechini PM, Ojcius DM. (2007) ATP
activates a reactive oxygen species dependent oxidative stress response and secretion of
proinflammatory cytokines in macrophages. J Biol Chem, 282: 2871-2879.

138 Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J. (2010) Thioredoxin-interacting
protein links oxidative stress to inflammasome activation. Nat Immunol, 11: 136-140.

37 Fubini B, Hubbard A. (2003) Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) generation by silica in inflammation and fibrosis. Free Radic Biol Med, 34:
1507-1516.

138 Schroder K, Tschopp J. (2010) The inflammasomes. Cell, 140: 821-832.

159 Dostert C, Guarda G, Romero JF, Menu P, Gross O, Tardivel A, Suva ML, Stehle JC,
Kopf M, Stamenkovic I, Corradin G, Tschopp J. (2009) Malarial hemozoin is a Nalp3
inflammasome activating danger signal. PloS One, 4: e6510

180 poeck H, , Bscheider M, Gross O, Finger K, Roth S, Rebsamen M, Hannesschlager N,
Schlee M, Rothenfusser S, Barchet W, Kato H, Akira S, Inoue S, Endres S, Peschel C,
Hartmann G, Hornung V, Ruland J. (2009) Recognition of RNA virus by RIG-I results in
activation of CARD9 and inflammasome signaling for interleukin-18 production. Nat
Immunol, 11: 63-69.

161 Bauernfeind F, Ablasser A, Bartok E, Kim S, Schmidt-Burgk J, Cavlar T, Hornung V.
(2011) Inflammasomes: current understanding and open questions. Cell Mol Life Sci, 68:
765-783.

134


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bauernfeind%20FG%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Horvath%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stutz%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alnemri%20ES%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22MacDonald%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Speert%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fernandes-Alnemri%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fernandes-Alnemri%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wu%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Monks%20BG%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fitzgerald%20KA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hornung%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Latz%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed/19570822�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Corradin%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tschopp%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bscheider%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gross%20O%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Finger%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roth%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rebsamen%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hannesschl%C3%A4ger%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schlee%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rothenfusser%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barchet%20W%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kato%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Akira%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Inoue%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Endres%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Peschel%20C%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hartmann%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hornung%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ruland%20J%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

162 Anderson JP, Mueller JL, Rosengren S, Boyle DL, Schaer P, Cannon SB, Goodyear CS,
Hoffman HM. (2004) Structural, expression, and evolutionary analysis of mouse CIAS1.
Gene, 338: 25-34.

183 Chu ZL, Pio F, Xie Z, Welsh K, Krajewska M, Krajewski S, Godzik A, Reed JC.
(2001) A novel enhancer of the Apafl apoptosome involved in cytochrome c-dependent
caspase activation and apoptosis. J Biol Chem, 276: 9239-9245.

164 | ech M, Avila-Ferrufino A, Skuginna V, Susanti HE, Anders HJ. (2010) Quantitative
expression of RIG-like helicase, NOD-like receptor and inflammasome-related mRNAS in
humans and mice. Int Immunol, 9: 717-728.

165 Zarember KA, Godowski PJ. (2002) Tissue expression of human Toll-like receptors
and differential regulation of Toll-like receptor mRNAs in leukocytes in response to
microbes, their products, and cytokines. J Immunol, 168: 554-561.

166 Feldmeyer L, Keller M, Niklaus G, Hohl D, Werner S, Beer HD. (2007) The
inflammasome mediatesUVB-induced activation and secretion of interleukin-lbeta by
keratinocytes. Curr Biol, 17: 1140-1145.

167 Rawat R, Cohen TV, Ampong B, Francia D, Henriques-Pons A, Hoffman EP, Nagaraju
K. (2010) Inflammasome up-regulation and activation in dysferlin-deficient skeletal
muscle. Am J Pathol, 176: 2891-2900.

188 Kolly L, Karababa M, Joosten LA, Narayan S, Salvi R, Pétrilli V/, Tschopp J, van den
Berg WB, So AK, Busso N. (2009) Inflammatory role of ASC in antigen-induced arthritis
is independent of caspase-1, NALP-3, and IPAF. J Immunol, 183: 4003-4012.

169 Mccall SH, Sahraei M, Young AB, Worley CS, Duncan JA, Ting JP, Mariott I. (2008)
Osteoblastas express NLRP3, a nucleotide-binding domain and leucin-rich repeat
containing receptor implicated in bacterially induced cell death. J Bone Miner Res, 23: 30-
40.

7% De Rivero Vaccari JP, Lotocki G, Marcillo AE, Dietrich WD, Keane RW. (2008) A
molecular platform in neurons regulates inflammation after spinal cord injury. J Neurosci,
28: 3404-3414.

135


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lech%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Avila-Ferrufino%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Skuginna%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Susanti%20HE%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Anders%20HJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed/20584763�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cohen%20TV%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ampong%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Francia%20D%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Henriques-Pons%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hoffman%20EP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nagaraju%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nagaraju%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Narayan%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Salvi%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9trilli%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tschopp%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20den%20Berg%20WB%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20den%20Berg%20WB%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22So%20AK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Busso%20N%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

11 Miura K, Kodama Y, Inokuchi S, Schnabl B, Aoyama T, Ohnishi H, Olefsky JM,
Brenner DA, Seki E. (2010) Toll-like receptor 9 promotes steatohepatitis by induction of
interleukin-1beta in mice. Gastroenterology, 139: 323-34.e7.

172 1shibe T, Kimura A, Ishida Y, Takayasu T, Hayashi T, Tsuneyama K, Matsushima K,
Sakata I, Mukaida N, Kondo T. (2009) Reduced acetaminophen-induced liver injury in
mice by genetic disruption of IL-1 receptor antagonist. Lab Invest, 89: 68-79.

173 \Watanabe A, Sohail MA, Gomes DA, Hashmi A, Nagata J, Sutterwala FS, Mahmood S,
Jhandier MN, Shi Y, Flavell RA, Mehal WZ. (2009) Inflammasome-mediated regulation
of hepatic stellate cells. Am J Physiol Gastrointest Liver Physiol, 296: G1248-1257.

174 Masumoto J, Taniguchi S, Nakayama J, Shihara M, Hidaka E, Katsuyama T, Murase S,
Sagara J. (2001) Expression of apoptosis associated speck-like protein containing a
caspase-recruitment domain, a pyrin N-terminal homology domain-containing protein, in
normal human tissues. J Histochem Cytochem, 49: 1269-1275.

7% paszkowski AS, Rau B, Mayer JM, Moller P, Berger HG. (2002) Therapeutic
application of caspase 1/IL-1B converting enzyme inhibitor decreases the death rate in
severe acute experimental pancreatitis. Ann Surg, 235: 68-76.

176 Imaeda AB, Watanabe A, Sohail MA, Mahmood S, Mohamadnejad M, Sutterwala FS,
Flavell RA, Mehal WZ. (2009) Acetaminophen-induced hepatotoxicity in mice is
dependent on TIr9 and the Nalp3 inflammasome. J Clin Invest, 119: 305-314.

177 Zhu P, Duan L, Chen J, Xiong A, Xu Q, Zhang H, Zheng F, Tan Z, Gong F, Fang M.
(2011) Gene silencing of NALP3 protects against liver ishaemia-reperfusion injury in
mice. Hum Gene Ther, 22: 853-864.

8 Jmamura M, Tsutsui H, Yasuda K, Uchiyama R, Yumikura-Futatsugi S, Mitani K,
Hayashi S, Akira S, Taniguchi S, Van Rooijen N, Tschopp J, Yamamoto T, Fujimoto J,
Nakanishi K. (2009) Contribution of TIR domain-containing adapter inducing IFN-beta-
mediated 1L-18 release to LPS-induced liver injury in mice. J Hepatol, 51: 333-341.

179 Miyake K. (2004) Endotoxin recognition molecules, Toll-like receptor 4-MD-2. Semin
Immunol, 16:11-16.

136


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miura%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kodama%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Inokuchi%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schnabl%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aoyama%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ohnishi%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Olefsky%20JM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brenner%20DA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Seki%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed/20347818�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ishibe%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kimura%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ishida%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takayasu%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayashi%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tsuneyama%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Matsushima%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sakata%20I%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mukaida%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kondo%20T%22%5BAuthor%5D�
javascript:AL_get(this,%20'jour',%20'Lab%20Invest.');�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Imaeda%20AB%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Watanabe%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sohail%20MA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mahmood%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mohamadnejad%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sutterwala%20FS%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Flavell%20RA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mehal%20WZ%22%5BAuthor%5D�
javascript:AL_get(this,%20'jour',%20'J%20Clin%20Invest.');�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Imamura%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tsutsui%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yasuda%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Uchiyama%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yumikura-Futatsugi%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mitani%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayashi%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Akira%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Taniguchi%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Rooijen%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tschopp%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yamamoto%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fujimoto%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakanishi%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=imamura%20TIR%20LPS�

DOI:10.14753/SE.2012.1767

180 Carter-Kent C, Zein NN, Feldstein AE. (2008) Cytokines in the pathogenesis of fatty
liver and disease progression to steatohepatitis: implications for treatment. Am J
Gastroenterol, 103:1036-1042.

181 Tsukumo DM, Carvalho-Filho MA, Carvalheira JB, Prada PO, Hirabara SM, Schenka
AA, Aradjo EP, Vassallo J, Curi R, Velloso LA, Saad MJ. (2007) Loss-of-function
mutation in Toll-like receptor 4 prevents diet-induced obesity and insulin resistance.
Diabetes, 56:1986-1998.

182 Musso G, Gambino R, Cassader M. (2011) Redox balance in the pathogenesis of
nonalcoholic fatty liver disease: mechanism and therapeutic opportunities. Antioxid Redox
Signal, 15: 1325-1365.

183 park HS, Jung HY, Park EY, Kim J, Lee WJ, Bae YS. (2004) Cutting edge: direct
interaction of TLR4 with NAD(P)H oxidase 4 isozyme is essential for lipopolysaccharide-
induced production of reactive oxygen species and activation of NF-kappa B. J Immunol,
173: 3589-3593.

18 Rokutan K, Kawahara T, Kuwano Y, Tominaga K, Nishida K, Teshima-Kondo S.
(2008) Nox enzymes and oxidative stress in the immunopathology of the gastrointestinal
tract. Semin Immunopathol, 30:315-327.

185 Edmison J, McCullough AJ. (2007) Pathogenesis of non-alcoholic steatohepatitis:
human data. Clin Liver Dis, 11:75-104.

% Das SK, Vasudevan DM. (2008) Genesis of hepatic fibrosis and its biochemical
markers. Scand J Clin Lab Invest, 68: 260-2609.

187 Jou J, Choj SS, Diehl AM. (2010) Mechanisms of disease progression in nonalcoholic
fatty liver disease. Semin Liver Dis, 28: 370-379.

188 Xu zJ, Fan JG, Ding XD, Qiao L, Wang GL. (2010) Characterization of high fat diet-
induced non-alcoholic steatohepatitis with fibrosis in rats. Dig Dis Sci, 55: 931-940.

189 Ellett JD, Evans ZP, Atkinson C, Schmidt MG, Schnellmann RG, Chavin D. (2009)
Toll-like receptor 4 is a key mediator of murine steatotic liver warm ischaemia/reperfusion
injury. Liver Transpl, 15: 1101-1109.

137


http://www.ncbi.nlm.nih.gov/pubmed/18177455?ordinalpos=22&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/17519423?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/17519423?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/17544973?ordinalpos=61&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�

DOI:10.14753/SE.2012.1767

190 gchattenberg JM, Galle PR. (2010) Animal models of non-alcoholic steatohepatitis: of
mice and men. Dig Dis, 28: 247-254.

%1 yu HB, Finlay BB. (2008) The caspase-1 inflammasome: A pilot of innate immune
responses. Cell Host Microbe, 4: 198-208.

192 Netea MG, Nold-Petry CA, Nold MF, Joosten LA, Opitz B, van der Meer JH, , van de
Veerdonk FL, Ferwerda G, Heinhuis B, Devesa I, Funk CJ, Mason RJ, Kullberg BJ,
Rubartelli A, van der Meer JW, Dinarello CA. (2009) Differential requirement for the
activation of the inflammasome for processing and release of IL-1beta in monocytes and
macrophages. Blood, 113: 2324-2335.

198 Maelfait J, Vercammen E, Janssens S, Schotte P, Haegman M, Magez S, Beyaert R.
(2008) Stimulation of Toll-like receptor 3 and 4 induces interleukin-1p maturation by
caspase-8. J Exp Med, 205(9): 1967-1973.

19% Cazanave SC, Gores G. (2010) Mechanisms and clinical implications of hepatocyte
lipoapoptosis. Clin Lipidol, 5: 71-85.

195 3i 3, Zhang L, Wang P, Mu YM, Zhu XY, Wu YY, Yu H, Zhang B, Chen SM, Sun XZ.
(2005) Saturated free fatty acid, palmitic acid, induces apoptosis in fetal hepatocytes in
culture. Exp Toxicol Pathol, 56: 369-376.

19 Ricchi M, Odoardi MR, Carulli L, Anzivino C, Ballestri S, Pinetti A, Fantoni LI, Marra
F, Bertolotti M, Banni S, Lonardo A, Carulli N, Loria P. (2009) Differential effect of oleic
and palmitic acid on lipid accumulation and apoptosis in cultured hepatocytes. J
Gastroenterol Hepatol, 24: 830-840.

197 Alkhouri N, Dixon LJ, Feldstein AE. (2009) Lipotoxicity in nonalcoholic fatty liver
disease: not all lipids are created equal. Expert Rev Gastroenterol Hepatol, 3: 445-451.

1% yamamoto M, Yaginuma K, Tsutsui H, Sagara J, Guan X, Seki E, Yasuda K,
Yamamoto M, Akira S, Nakanishi K. (2004) ASC is essential for LPS-induced activation
of procaspase 1 independently of TLR-associated signal adaptor molecules. Genes Cells, 9:
1055-1067.

138


http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20de%20Veerdonk%20FL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20de%20Veerdonk%20FL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ferwerda%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heinhuis%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Devesa%20I%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Funk%20CJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mason%20RJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kullberg%20BJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rubartelli%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20der%20Meer%20JW%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dinarello%20CA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fantoni%20LI%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marra%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marra%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bertolotti%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Banni%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lonardo%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carulli%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Loria%20P%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

19 Martinon F, Agostini L, Meylan E, Tschopp J. (2004) Identification of bacterial
muramyl dipeptide as activator of the NALP3/cryopyrin inflammasome, Curr Biol, 14:
1929-1934.

200 jacobs BL, Langland JO. (1996) When two strands are better than one: the mediators
and modulators of the cellular responses to double-stranded RNA. Virology 1996, 219:
339-349.

201 Wieland SF, Chisari FV. (2005) Stealth and cunning: Hepatitis B and Hepatitis C
viruses. J Virol, 79: 9369-9380.

202 yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, Sanjo H. (2003) Role of
adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. Science,
301: 640-643.

23 jia Y, Song T, Wei C, Ni C, Zheng Z, Xu Q, Ma H, Li L, Zhang Y, He X, Xu Y, Shi W,
Zhong H. (2009) Negative regulation of MAVS-mediated immune response by PSMA7. J
Immunol, 183: 4241-4248.

204 \Wei Y, Rector RS, Thyfault JP, Ibdah JA. (2008) Nonalcoholic fatty liver disease and
mitochondrial dysfunction. World J Gastroenterol, 14: 193-199.

295 Caroppi P, Sinibaldi F, Fiorucci L, Santucci R. (2009) Apoptosis and human diseases:
mitochondrion damage and lethal role of released cytochrome C as proapoptotic protein.
Curr Med Chem, 16: 4058-4065.

206 Rebsamen M, Meylan E, Curran J, Tschopp J. (2008) The antiviral adaptor proteins
Cardif and Trif are processed and inactivated by caspases. Cell Death Differ, 15: 1804-
1811.

207 scott 1, Norris KL. (2008) The mitochondrial antiviral signaling protein, MAVS, is
cleaved during apoptosis. Biochem Biophys Res Commun, 375: 101-106.

2% vy CY, Chiang RL, Chang TH, Liao CL, Lin YL. (2010) The interferon stimulator
mitochondrial antiviral signaling protein facilitates cell death by disrupting mitochondrial
membrane potential and by activating caspases. J Virol, 84: 2421-2431.

299 Dong Z, Wei H, Sun R, Hu Z, Gao B, Tian Z. (2004) Involvement of natural killer cells
in Polyl:C-induced liver injury. J Hepatol, 41: 966-973.

139


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ma%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20L%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22He%20X%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xu%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shi%20W%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhong%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ibdah%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract�
http://dx.doi.org/10.1016/j.jhep.2004.08.021�
http://dx.doi.org/10.1016/j.jhep.2004.08.021�

DOI:10.14753/SE.2012.1767

210 Kahraman A, Schlattjan M, Kocabayoglu P, Yildiz-Meziletoglu S, Schlensak M, Fingas
CD, Wedemeyer I, Marquitan G, Gieseler RK, Baba HA, Gerken G, Canbay A. (2010)
Major histocompatibility complex class I-related chains A and B (MIC A/B): A novel role
in nonalcoholic steatohepatitis. Hepatology, 51: 92-102.

211 Lei Y, Moore CB, Liesman RM, O’Connor BP, Bergstralh DT, Chen ZT, Pickles RJ,
Ting YP. (2009) MAVS-mediated apoptosis and its inhibition by viral proteins. PLoS
One, 4: e5466.

212 7hang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC. (2009) RIP3, an energy metabolism
regulator that switches TNF-induced cell death from apoptosis to necrosis. Science, 325:
332-336.

213 Akashi S, Saitoh S, Wakabayashi Y, Kikuchi T, Takamura N, Nagai Y, Kusumoto Y,
Fukase K, Kusumoto S, Adachi Y, Kosugi A, Miyake K. (2003) Lipopolysaccharide
interaction with cell surface Toll-like receptor 4-MD-2: higher affinity than that with MD-
2 or CD14. J Exp Med, 198: 1035-1042.

214 visintin A, Halmen KA, Khan N, Monks BG, Golenbock DT, Lien E. (2006) MD-2
expression is not required for cell surface targeting of Toll-like receptor 4 (TLR4). J
Leukoc Biol, 80:1584-1592.

215 visintin A, lliev DB, Monks BG, Halmen KA, Golenbock DT. (2006) MD-2.
Immunobiology, 211:437-447.

2% Kim HM, Park BS, Kim JI, Kim SE, Lee J, Oh SC, Enkhbayar P, Matsushima N, Lee
H, Yoo OJ, Lee JO. (2007) Crystal structure of the TLR4-MD-2 complex with bound
endotoxin antagonist Eritoran. Cell, 130: 906-917.

217 Bergheim 1, Weber S, Vos M, Kramer S, Volynets V, Kaserouni S, McClain CJ,
Bischoff SC. (2008) Antibiotics protect against fructose-induced hepatic lipid
accumulation in mice: Role of endotoxin. J Hepatol, 48: 983-992.

218 Farhadi A, Gundlapalli S, Shaikh M, Frantzides C, Harrell L, Kwasny MM,
Keshavarzian A. (2008) Susceptibility to gut leakiness: a possible mechanism for
endotoxaemia in non-alcoholic steatohepatitis. Liver Int, 28: 1026-1033.

219 syn WK, Teaberry V, Choi SS, Diehl AM. (2009) Similarities and differences in the

140


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wedemeyer%20I%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marquitan%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gieseler%20RK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baba%20HA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gerken%20G%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Canbay%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed/16946018?ordinalpos=61&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/16920483?ordinalpos=64&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/18395289?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/18395289?ordinalpos=4&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/18397235?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�
http://www.ncbi.nlm.nih.gov/pubmed/18397235?ordinalpos=3&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�

DOI:10.14753/SE.2012.1767

pathogenesis of alcoholic and non-alcoholic steatohepatitis. Semin Liver Dis, 29: 200-210.
220 Miyake K. (2007) Innate immune sensing of pathogens and danger signals by cell
surface Toll-like receptors. Semin Immunol, 19: 3-10.

221 Asea A\, Rehli M, Kabingu E, Boch JA, Bare O, Auron PE, Stevenson MA, Calderwood
SK. (2002) Novel signal transduction pathway utilized by extracellular hsp70: role of Toll-
like receptor (TLR) 2 and TLR4. J Biol Chem, 277: 15028-15034.

22 gmiley ST, King JA, Hancock WW. (2001) Fibrinogen stimulates macrophage
chemokine secretion through Toll-like receptor 4. J Immunol, 167: 2887-2894.

223 Okamura Y, Watari M, Jerud ES, Young DW, Ishizaka S, Rose J, Chow JC, Strauss JF.
(2001) The extra domain A of fibronectin activates Toll-like receptor 4. J Biol Chem, 276:
10229-10233.

224 park JS, Svetkauskaite D, He Q, Kim JY, Strassheim D, Ishizaka A, Abraham E. (2004)
Involvement of Toll-like receptors 2 and 4 in cellular activation by high mobility group
box 1 protein. J Biol Chem 2004; 279: 7370-7377.

% g5zabo G, Dolganiuc A, Mandrekar P. (2006) Pattern recognition receptors: a
contemporary view on liver diseases. Hepatology, 44: 287-298.

226 Kono H, Rusyn I, Yin M, Gabele E, Yamashina S, Dikalova A, Kadiiska MB, Connor
HD, Mason RP, Segal BH, Bradford BU, Holland SM, Thurman RG. (2000) NADPH
oxidase-derived free radicals are key oxidants in alcohol-indiced liver disease. J Clin
Invest, 106: 867-872.

221 paik YH, Schwabe RF, Bataller R, Russo MP, Jobin C, Brenner DA. (2003) Toll-like
receptor 4 mediates inflammatory signaling by bacterial lipopolysaccharide in human
hepatic stellate cells. Hepatology, 37: 1043-1055.

228 geki E, De Minicis S, Osterreicher CH, Kluwe J, Osawa Y, Brenner DA, Schwabe RF.
(2007) TLR4 enhances TGF-beta signaling and hepatic fibrosis. Nat Med, 13: 1324-1332.
2 Das SK, Vasudevan DM. (2008) Genesis of hepatic fibrosis and its biochemical
markers. Scand J Clin Lab Invest, 68: 260-2609.

2380 gchnabl B, Brandl K, Fink M, Gross P, Taura K, Gabele E, Hellerbrand C, Falk W.
(2008) A TLR4/MD-2 fusion protein inhibits LPS-induced pro-inflammatory signaling in

141


http://www.ncbi.nlm.nih.gov/pubmed/17952090?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum�

DOI:10.14753/SE.2012.1767

hepatic stellate cells. Biochem Biophys Res Commun, 375: 210-214.

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

2% De Minicis S, Seki E, Oesterreicher C, Schnable B, Schwabe RF, Brenner DA. (2008)
Reduced nicotinamide adenine dinucleotide phosphate oxidase mediates fibrotic and
inflammatory effects of leptin on hepatic stellate cells. Hepatology, 48: 2016-2026.

233 Fortuiio A, Bidegain J, Robador PA, Hermida J, LOpez-Sagaseta J, Beloqui O, Diez J,
Zalba G. (2009) Losartan metabolite EXP3179 blocks NADPH oxidase-mediated
superoxide production by inhibiting protein kinase C: potential clinical implications in
hypertension. Hypertension, 54: 744-750.

2% Jiang Z, Georgel P, Du X, Shamel L, Sovath S, Mudd S, Huber M, Kalis C, Keck S,
Galanos C, Freudenberg M, Beutler B. (2005) CD14 is required for MyD88-independent
LPS signaling. Nat Immunol, 6: 565-570.

2% \elayudham A, Hritz I, Dolganiuc A, Mandrekar P, Kurt-Jones E, Szabo G. (2006)
Critical role of toll-like receptors and the common TLR adaptor, MyD88, in induction of
granulomas and liver injury. J Hepatol, 45: 813-824.

2% Joshi-Barve S, Barve SS, Amancherla K, Gobejishvili L, Hill D, Cave M, Hote P,
McClain CJ. (2007) Palmitic acid induces production of proinflammatory cytokine
interleukin-8 from hepatocytes. Hepatology, 46: 823-830.

237 Malhi H, Bronk SF, Werneburg NW, Gores GJ. (2006) Free fatty acids induce JNK-
dependent hepatocyte lipoapoptosis. J Biol Chem, 281: 12093-12101.

2% Rizki G, Arnaboldi L, Gabriella B, Yan J, Lee GS, Ng RK, Turner SM, Badger TM,
Pitas RE, Maher JJ. (2006) Mice fed a lipogenic methionone-choline-deficient diet develop
hypermetabolism coincident with hepatic suppression of SCD-1. J Lipid Res, 47:2280-
2290.

142


http://www.ncbi.nlm.nih.gov/pubmed/19687351�
http://www.ncbi.nlm.nih.gov/pubmed/19687351�
http://www.ncbi.nlm.nih.gov/pubmed/19687351�
http://www.ncbi.nlm.nih.gov/pubmed/15895089�
http://www.ncbi.nlm.nih.gov/pubmed/15895089�

DOI:10.14753/SE.2012.1767

239 OOsterveer MH, vanDijk TH, Tietge UJF, Boer T, Havinga R, Stellaard F, Groen AK,
Kuipers F, Reinjgoud DJ. (2009) High fat feeding induces hepatic hepatic fatty acid
elongation in mice. PLoSOne, 4:e6066.

240 Cohen P, Miyazaki M, Socci ND, Hagge-Greenberg A, Liedtke W, Soukas AA, Sharma
R, Hudgins LC, Ntambi JM, Friedman JM. (2002) Role of stearoyl-CoA desaturase-1 in
leptin-mediated weight loss. Science, 297: 240-243.

41 deAlmeida IT, Cortez-Pinto H, Fidalgo G, Rodrigues D, Camilo ME. (2002) Plasma
total and free fatty acids composition in human non-alcoholic steatohepatitis. Clin Nutr
2002, 21: 219-223.

22 pyri P, Wiest MM, Cheung O, Mirshahi F, Sargeant C, Min HK, Contos MJ, Sterling
RK, Fuchs M, Zhou H, Watkins SM, Sanyal AJ. (2009) The plasma lipidomic signature of
nonalcoholic steatohepatitis. Hepatology, 50: 1827-1838.

243 Neuschwander-Tetri BA. (2010) Nontriglyceride hepatic lipotoxicity: the new paradigm
for the pathogenesis of NASH. Curr Gastreoenterol Rep, 12: 49-56.

4 Jung Y, Diehl AM. (2010) Non-alcoholic steatohepatitis pathogenesis: role of repair in
regulating the disease progression. Dig Dis, 28: 225-228.

%5 \Witek RP, Stone WC, Karaca FG, Syn WK, Pereira TA, Agboola KM, Omenetti A,
Jung Y, Teaberry V, Choi SS, Guy CD, Pollard J, Charlton P, Diehl AM. (2009) Pan-
caspase inhibitor VX-166 reduces fibrosis in an animal model of nonalcoholic
steatohepatitis. Hepatology, 50: 1421-1430.

248 Ricchi M, Odoardi MR, Carulli L, Anzivino C, Ballestri S, Pinetti A, Fantoni LI, Marra
F, Bertolotti M, Banni S, Lonardo A, Carulli N, Loria P. (2009) Differential effect of oleic
and palmitic acid on lipid accumulation and apoptosis in cultured hepatocytes. J
Gastroenterol Hepatol, 24: 830-840.

27 Miwa K, Asano M, Horai R, Iwakura Y, Nagata S, Suda T. (1998) Caspase 1-
independent IL-1p release and inflammation induced by the apoptosis induced Fas ligand.
Nature America Inc, 4: 1287-1292.

8 Kahlenberg JM, Dubyak GR. (2004) Machanisms of caspase-1 activation by P2X7
receptor mediated K+ release. Am J Physiol Cell Physiol, 286:1100-1108.

143


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Miyazaki%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Socci%20ND%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hagge-Greenberg%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liedtke%20W%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Soukas%20AA%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sharma%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sharma%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hudgins%20LC%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ntambi%20JM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Friedman%20JM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Contos%20MJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sterling%20RK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sterling%20RK%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fuchs%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhou%20H%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Watkins%20SM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanyal%20AJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Omenetti%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jung%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Teaberry%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Choi%20SS%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Guy%20CD%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pollard%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Charlton%20P%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Diehl%20AM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fantoni%20LI%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marra%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marra%20F%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bertolotti%20M%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Banni%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lonardo%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carulli%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Loria%20P%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

249 \fandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, Mynatt RL, Ravussin
E, Stephens JM, Dixit VD. (2011) The NLRP3 inflammasome instigates obesity-induced
inflammation and insulin resistance. Nat Med, 17: 179-188.

20 joosten La, Netea MG, Fantuzzi G, Koenders MI, Helsen MM, Sparrer H, Pham CT,
van der Meer JW, Dinarello CA, van den Berg WB. (2009) Inflammatory arthritis in
caspase 1 gene-deficient mice: contribution of proteinase 3 to caspase 1-independent
production of bioactive interleukin-1beta. Arthritis Rheum, 60: 3651-3662.

»1 Kato H, Sato S, Yoneyama M, Yamamoto M, Uematsu S, Matsui K, Tsujimura T,
Takeda K, Fujita T, Takeuchi O, Akira S. (2005) Cell-type specific involvement of RIG-I
in antiviral response. Immunity, 23:19-28.

2 pyluc D, Tan F, Scotet M, Blanchard S, Fremaux |, Garo E, Horvat B, Eid P, Delneste
Y, Jeannin P. (2009) Poly I:C plus IL-2 or IL-12 induce IFNy production by human NK
cells via autocrine IFN-B. Eur J Immunol, 39: 2877-2884.

23 Ohman T, Rintahaka J, Kalkkinen N, Matikainen S, Nyman TA. (2009) Actin and RIG-
I/MAVS signaling components translocate to mitochondria upon influenza A virus
infection of human primary macrophages. J Immunol, 182: 5682-5692.

2% Farrell GC, Larter CZ, Hou JY, Zhang RH, Yeh MM, Williams J, dela Pena A,
Francisco R, Osvath SR, Brooling J, Teoh N, Sedger LM. (2009) Apoptosis in
experimental NASH is associated with p53 activation and TRAIL receptor expression. J
Gastroenterol Hepatol, 24: 443-452.,

2% peters JM, Franke WW, Kleinschmidt JA. (1994) Distinct 19S and 20S subcomplexes
of the 26S proteasome and their distribution in the nucleusand cytoplasm. J Biol Chem,
269: 7709-7718.

26 Besch R, Poeck H, Hohenauer T, Senft D, Hacker G, Berking C, Hornung V, Endres S,
Ruzicka T, Rothenfusser S, Hartmann G. (2009) Proapoptotic signaling induced by RIG-I
and MDA-5 results in type-I interferon-independent apoptosis in human melanoma cells. J
Clin Invest, 119: 2399-2411.

144


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vandanmagsar%20B%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Youm%20YH%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ravussin%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Galgani%20JE%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stadler%20K%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mynatt%20RL%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ravussin%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ravussin%20E%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stephens%20JM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dixit%20VD%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed/21217695�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22dela%20Pena%20A%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Francisco%20R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Osvath%20SR%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brooling%20J%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Teoh%20N%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sedger%20LM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hornung%20V%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Endres%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ruzicka%20T%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rothenfusser%20S%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hartmann%20G%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

27 Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, Ishii KJ, Takeuchi O,
Akira S. (2005) IPS-1, an adaptor triggering RIG-I and Mda5-mediated type | interferon
induction. Nat Immunol, 6: 981-988.

28 \/andenbeele P, Declerq W, Van Herreweghe F, VVanden Berghe T. (2010) The role of
the kinases RIP1 and RIP3 in TNF-induced necrosis. Sci Signal 2010; 3: re4.

%9 He S, Wang L, Miao L, Wang T, Du F, Zhao L, Wang X. (2009) Receptor-interacting
protein kinase 3 determines cellular necrotic response to TNF-alpha. Cell, 137: 1100-1111.
%0 Davis CW, Hawkins BJ, Ramasamy S, Irrinki KM, Cameron BA, Islam K, Daswani
VP, Doonan PJ, Manevich Y, Madesh M. (2010) Nitration of the mitochondrial complex |
subunit NDUFBS elicits RIP1- and RIP3-mediated necrosis. Free Radic Biol Med, 48:
306-317.

261 Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC. (2009) RIP3, an energy metabolism
regulator that switches TNF-induced cell death from apoptosis to necrosis. Science, 325:
332-336.

145


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Daswani%20VP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Daswani%20VP%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Doonan%20PJ%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Manevich%20Y%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Madesh%20M%22%5BAuthor%5D�

DOI:10.14753/SE.2012.1767

10. PUBLICATIONS

Publications for the dissertation based on:

Csak T#, Velayudham A#, Hritz 1, Petrasek J, Levin I, Catalano D, Mandrekar P,
Dolganiuc A, Kurt-Jones EA, Szabo G: Deficiency in myeloid differentiation factor-2
and Toll-like receptor 4 expression attenuates non-alcoholic steatohepatitis and fibrosis
in mice. (# These authors contributed equally) Am J Gastroenterol Physiol,
Gastrointestinal and Liver Physiology, 2011;300:G433-41. IF: 3.522

Csak T, Ganz M, Pespisa J, Kodys K, Dolganiuc A, Szabo G: Fatty acids and
endotoxin activate inflammasome in hepatocytes which release danger signals to
activate immune cells in steatohepatitis. Hepatology, 2011; 54(1): 133-44. IF: 10.885
Csak T, Dolganiuc A, Kodys K, Nath B, Petrsek J, Bala S, Lippai D, Szabo G:
Mitochondrial antiviral signaling protein defect links impaired antiviral response and
liver injury in steatohepatitis in mice. Hepatology, 2011; 53(6):1917-31. IF: 10.885
Ganz M, Csak T, Nath B, Szabo G: Lipopolysaccharide induces and activates the
Nalp3 inflammasome in the liver. World J Gastroenterol 2011; 17(43): 4772-4778. IF:
2.240

Other publications:

Nagy J, Vincze Z , Folhoffer A, Horvath A, Csak T, Zelké R. A Wilson-kor
patomechanismusa és gyogyszeres kezelése. (Pathomechanism and treatment of
Wilson disease) Acta Pharmaceutica Hungarica 2003; 73(4): 237-241.

Keresztes K, Istenes I, Folhoffer A, Lakatos PL, Horvath A, Csak T, Vargha P,
Kempler P, Szalay F: Autonomic and sensory nerve dysfunction in primary biliaris
cirrhosis. World J Gastroenterol 2004, 10 (20):3039-3043.

Folhoffer A, Horvath A, Csak T, Nébenfuhrer L, T, Hazslinszky P, Ivanyi A, Szalay F.
Neurofibromatosis, melanoma malignum, hyperthyreosis és HCV pozitivitads esete.

(Neurofibromatosis, malignant melanoma and hyperthyreoidism in a HCV positive

patient) Lege Artis Medicinae 2004; 14(5): 349-352.

146



DOI:10.14753/SE.2012.1767

Szalay F, Telegdy L, Szeli D, Csak T, Folhoffer A, Horvath A, Abonyi M, Szab6 O,
Rédei Cs, Nemesanszky E. Rifaximin a hepaticus encephalopathia kezelésében.
(Rifaximin in the treatment of hepatic encephalopathy — a multicentric study) Lege
Artis Medicinae 2004; 14(5): 321-325.

Csék T, Folhoffer A, Horvath A, Lengyel G, Kobori L, Szalay F: Combined antiviral
treatment in a patient with recurrent chronic hepatitis C after liver transplantation. Orv
Hetil 2004; 145(39):2003-2006.

Horvath A, Folhoffer A, Csak T, Komoly S, Szalay F: Cryoglobulinaemiaval és sulyos
foku polyneuropathiaval jard kronikus C hepatitis gyogyult esete. Magyar Belorv Arch
2004; 57: 194-197.

Nagy J, Folhoffer A, Horvath A, Csak T, Taba G, Szentmihalyi K, Szalay F, Zelko
R:Kinetic study of zinc sulphate release from lipophilic matrices prepared for the
therapy of Wilson’s disease. Pharmazie 2005; 60(7): 524-526. IF: 0.677

Szalay F, Folhoffer A, Horvath A, Csak T, Speer G, Nagy Zs, Lakatos P, Horvath Cs,
Habior A, Tornai I, Lakatos PL: Serum leptin, soluble leptin receptor, free leptin index
and bone mineral density in patients with primary biliary cirrhosis. Eur J Gastroenterol
and Hepatol 2005;17(9):923-928. IF: 1.690

Keresztes K, Folhoffer A, Lakatos PL, Istenes I, Horvath A, Csadk T, Vargha P,
Kempler P, Szalay F: Az autonom €és szenzoros neuropathia gyakorisaga és
rizikéfaktorai primer biliaris cirrhosisban. Magyar Belorv Arch 2005; 58; 103-112.
Csak T, Folhoffer A, Horvath A, Halasz J, Diczhazi Cs, Schaff Zs, Szalay F:
Holmes-Adie syndrome, autoimmune hepatitis and coeliac disease. Case report. World
J Gastroenterol 2006; 12(9):1485-1487.

Csak T, Folhoffer A, Horvath A, Osztovits J, Halasz J, Diczhazi Cs, Schaff Zs,
Szalay F: Autoimmun hepatitis, coeliakia és Holmes-Adie szindroma egyuttes
eléfordulasa (Holmes-Adie syndrome, autoimmune hepatitis and coeliac disease. Case
report.) Magy Belorv Arch 2006; 59: 55-58.

Csak T, Folhoffer A, Horvath A, Osztovits J, Papp J, Gordg D, Kobori L, Szalay F:

Xanthomatosis and extreme hypercholesterolemia after laparoscopic cholecystectomy.
147



DOI:10.14753/SE.2012.1767

Total reversibility following surgical treatment of iatrogenous stenosis of the common
bile duct. Orv Hetil 2006; 147(15): 705-710.

Horvath A, Folhoffer A, Csak T, Osztovits J, Szalay F: Majradk primer biliaris
cirrhosisban. Az irodalom attekintése egy eset kapcsan. Magyar Belorv Arch 2006; 61:
207-212.

Folfoffer A, Ferenci P, Csak T, Horvath A, Hegedus D, Firneisz G, Osztovits J, Kosa
JP, Willheim-Polli C, Szonyi L, Abonyi M, Lakatos PL, Szalay F: Novel mutations of
ATP7B gene among 109 Hungarian patients with Wilson disease. Eur J Gastroenterol
Hepatol 2007, 19(2): 105-111. IF: 1.895

Osztovits J, Horvath T, Abonyi M, Toth T, Visnyei Z, Bekd G, Csak T, Lakatos PL,
Littvay L, Fehér J, Kempler P, Kollai M, Szalay F: Chronic hepatitis C virus infection
associated with autonomic dysfunction. Liver Int 2009; 29(10): 1473-10. IF: 2.987
Altorjay |, Vitalis Z, Tornai |, Palatka K, Kacska S, Farkas G, Udvardy M, Harsfalvi
D, Dinya T, Orosz P, Lombay B Jr, Par A, Par G, Csak T, Osztovits J, Szalay F,
Csepregi A, Lakatos PL, Papp M: Mannose-binding lectin deficiency confers risk for
bacterial infections in a large Hungarian cohort of patients with liver cirrhosis. J
Hepatol 2010; 53(3): 484-91. IF: 9.334

Papp M, Norman GL, Vitalis Z, Tornai |, Altorjay I, Foldi I, Udvardy M, Shums Z,
Dinya T, Orosz P, Lombay B jr, Par G, Par A, Veres G, Csak T, Osztovits J, Szalay F,
Lakatos PL. Presence of anti-microbial antibodies in liver cirrhosis -- a tell-tale-sign of
compromised immunity? PloS One 2010; 5(9): e12957 IF: 4.411

Bala S, Marcos M, Kodys K, Csak T, Catalano D, Mandrekar P, Szabo G:
Upregulation of microRNA-155 in macrophages contributes to increased tumor
necrosis factor alpha (TNF{alpha}) production via increased mRNA half-life in
alcoholic liver disease. J Biol Chem 2011;286:1436-44. IF: 5.328

Petrasek J, Dolganiuc A, Csak T, Kurt-Jones EA, Szabo G: Type-I Interferons protect
from Toll-like receptor-9 associated liver injury and regulate IL-1 receptor antagonist
in mice. Gastroenterology 2011;140:697-708. IF: 12.032

148


http://www.ncbi.nlm.nih.gov/pubmed/21062749�
http://www.ncbi.nlm.nih.gov/pubmed/21062749�
http://www.ncbi.nlm.nih.gov/pubmed/21062749�

DOI:10.14753/SE.2012.1767

Petrasek J, Dolganiuc A, Csak T, Nath B, Hritz I, Kodys K, Catalano D, Kurt-Jones
EA, Mandrekar P, Szabo G: Interferon regulatory factor 3 and Type | interferons are
protective in alcoholic liver injury in mice via cross-talk of parenchymal and myeloid
cells . Hepatology 2011;53:649-60. IF: 10.885

Nath B, Levin I, Csak T, Petrasek J, Mueller C, Kodys K, Catalano D, Mandrekar P,
Szabo G: Hepatocyte-specific Hypoxia Inducible Factor-1a is a determinant of lipid
accumulation and liver injury in alcoholic steatosis in mice. Hepatology 2011;53:1526-
37.1F: 10.885

149



DOI:10.14753/SE.2012.1767

12. ACKNOWLEDGEMENTS

I would like to thank to all the colleagues and friends who helped me during my PhD

work.

First of all, 1 wish to express my appreciation and gratitude to Prof. Dr. Gyongyi Szabo,
who provided me the opportunity to work in her lab, encouraged and supported me during
the whole time.

My deepest gratitude is also due to Prof. Dr. Szalay Ferenc, who taught me in the initial
years, showed me the beauty of hepatology and introduced to Dr. Gyongyi Szabo.

I am grateful to all my colleagues from the Department of Medicine, University of
Massachusetts Medical School for their valuable contribution, help and for the friendly
ambiance that they created. My special thanks for Shashi Bala, Gail Bird, Donna
Catalano, Angela Dolganiuc, Michal Ganz, Arijet Gattu, Christiann Gibeau, Karen Kodys,
Janice Lagace, Ivan Levin, Dora Lippai, Pranoti Mandrekar, Michelle Morrison, Miguel
Marcos-Martin, Bharath Nath, Jan Petrasek, Justin Pespisa, Arum Velayudham, Janice
Ward, Shuye Zhang.

I also express my gratitude to my former colleagues at the Semmelweis University for their
kind help and for the opportunity being co-author in their publications, especially for
Margit Abonyi, Gabriella Beko, Aniko Folhoffer, Andrea Horvath, Evelin Horvath, Katalin

Keresztes, Peter Laszlo Lakatos, Janos Osztovits, Zsolt Visnyei.

Finally, I would like to express my deepest gratitude to my family for their support,
patience and understanding.

150



	MD-2 and TLR4 complex is the major receptor for endotoxin (178F ) that has been shown to contribute to activation of the inflammatory cascade in alcoholic steatohepatitis (ASH) leading to liver damage. Given the common pathophysiological features of A...

