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General introduction

Current lifestyle trends in modern society, characterized by excess energy
consumption and reduced physical activity have propelled the incidence of obesity
to epidemic proportions [1]. Obesity is associated with increased risk for type
2 diabetes (T2D) and comorbidities, including non-alcoholic fatty liver disease
(NAFLD) [2].

NAFLD is a metabolic disorder characterized by fat accumulation in the liver in
the absence of chronic alcohol consumption [3]. Clinically, NAFLD encompasses
a broad spectrum of liver conditions ranging from fat accumulation (steatosis)
to steatosis with inflammation (non-alcoholic steatohepatitis, NASH), which can
further progress to fibrosis, cirrhosis and ultimately to hepatocellular carcinoma
[4]. Patients with NAFLD are at risk to develop other metabolic complications such

as cardiovascular disease (CVD) [5-7] and have a higher overall mortality [7,8].

1. PREVALENCE AND DIAGNOSIS OF NAFLD

Recent estimates suggest that NAFLD is present in 30% of the general population
[2,9,10]. NAFLD is tightly linked to obesity as recent estimates suggest that up to
90% of obese patients have NAFLD [11]. Furthermore, the presence of the metabolic
syndrome (defined as central obesity accompanied by two or more of the following
metabolic risk factors: elevated fasting glucose concentration (reflecting insulin
resistance), hypertension, raised triglyceride (TG) levels and lowered high-density
lipoprotein cholesterol (HDL) levels), is associated with more progressive disease
[12].

NAFLD is often an asymptomatic disease and the majority of patients with
NAFLD are identified by increased liver enzymes (alanine aminotransferase, ALT;
aspartate aminotransferase, AST) during a routine blood test [13]. Although liver
enzymes (i.e. ALT) levels have shown to be a good predictor of hepatic steatosis
[14], ALT levels can be found normal in patients with severe liver pathology [15].
While steatosis can be diagnosed by non-invasive imaging, such as ultrasound
and magnetic resonance imaging (MRI), none of these techniques can detect

inflammation. Consequently, invasive liver biopsy is currently the gold-standard for
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diagnosing the advanced stages of NAFLD (NASH and fibrosis) as well as monitoring
disease progression [16]. Differentiating NASH from simple steatosis is important,
because longitudinal studies have shown that patients with steatosis have similar
life expectancy to that of the general population of same age and sex [17], while
NASH patients have significantly higher total mortality rates [8]. Moreover, the
degree of fibrosis in NASH patients is associated with a higher risk of liver-related
morbidity and mortality [7,18].

1.1 Pathophysiology of NAFLD

1.1.1 Histopathology

A distinct hallmark of NAFLD is steatosis, a histological manifestation of fat
deposition in the form of triglycerides within hepatocytes [4]. Morphologically,
steatosis can manifest in two forms of lipid accumulation, i.e. macrovesicular or
microvesicular steatosis. In macrovesicular steatosis, hepatocytes contain a large,
single vacuole of fat which fills the cytoplasm and displaces the nucleus to the
periphery (see [19] and references therein) (figure 1). By contrast, hepatocytes
with microvesicular steatosis contain many small lipid droplets in the cytoplasm
[19] (figure 1).

The histological features of NASH include steatosis, hepatocellular injury
(usually characterized by hepatocellular ballooning), and lobular inflammation
[20] (figure 1). Hepatocellular ballooning refers to swelling of hepatocytes with
rarefied cytoplasm and is associated with cytoskeletal injury [21]. The ballooning
hepatocytes are mainly located near steatotic hepatocytes and are often, but not
always, associated with perisinusoidal fibrosis. Lobular inflammation in NASH is
characterized by the presence of inflammatory aggregates, which are typically
composed of a mixture of innate and adaptive immune cells, such as neutrophils,

lymphocytes and macrophages [22].
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Figure 1. Histological subtypes of human NAFLD. Histological cross-sections of human liver
stained with hematoxylin-eosin showing (A) Simple steatosis, predominantly in the form of
macrovesicular steatosis (closed arrow) and some microvesicular steatosis (open arrow). (B)
Non-alcoholic steatohepatitis (NASH) characterized by steatosis with lobular inflammation
(dashed line arrow). (C) NASH characterized by the additional presence of hepatocellular
ballooning (insert, magnification x400). (Unless specified otherwise, microphotographs:
magnification x200).

1.1.2 Grading and staging of disease

Besidesthe diagnostic purpose, aliver biopsy is frequently used to assess the severity
of disease. In 2005, the NASH Clinical Research Network developed and validated
a semiquantitative scoring system for the evaluation of serial biopsies from NAFLD
patients in clinical trials [20]. This scoring system, also called NAFLD Activity Score
(NAS), unifies important features of NASH into an activity score or a “grade”. This
grade can range from a score 0 to 8, which consists of the summation of individual
scores for steatosis (0-3), lobular inflammation (0-3), and hepatocellular ballooning
(0-2). NAS of 1 or 2 indicates no NASH, while a NAS score of 5-8 corresponds to
definite NASH. Activity scores 3 and 4 are noted as borderline cases of NASH, as
these scores do not fulfill the pathologists’ criteria for definite NASH. The scoring
system was extended by a fibrosis score or the “stage” of disease, which reflects
the unique patterns of fibrosis that can occur in NASH.

Despite the widespread use of NAS in preclinical NAFLD models, this scoring
system has never been validated for experimental rodent samples. Therefore, a
generic NAFLD grading system for preclinical (mouse) models has been developed
based onthe human NAS scoring system [23]. Furthermore, with this scoring method
for rodents, the individual components of NASH (e.g. number of inflammatory
cells) are analyzed on a continuous scale making it possible to investigate more

subtle effects of treatments.
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1.2 Etiology of disease

Although obesity and insulin resistance has been established as risk factors for
NAFLD, the underlying mechanisms that contribute to disease progression from
simple steatosis to NASH remain unclear.

The initial stage of NAFLD involves accumulation of fat, predominantly
triglycerides, in the liver. The accumulation of fat may be the result of an imbalance
between fatty acid transport, synthesis and oxidation or a combination of these
factors. Originally, the pathogenesis of NASH was conceptualized as a disease of
‘two-hits’: the ‘first hit’, hepatic fat accumulation, sensitized the liver to a ‘second
hit” which caused tissue injury, inflammation and fibrosis [24]. A number of factors,
including pro-inflammatory cytokines, endotoxins, adipokines, mitochondrial
dysfunction, oxidative stress and subsequent lipid peroxidation, have been
proposed as the second hit [25]. However, inflammatory cytokines such as IL-1 or
endotoxin (LPS) that were superimposed on a high-fat diet (HFD) for several weeks
failed to induce NASH in experimental models of disease, while metabolic triggers
of inflammation (e.g. cholesterol, carbohydrates) caused NASH [26]. However, it
is thought that the etiology of NASH is a more complex process and may involve
specific metabolic factors, i.e. lipids, that trigger liverinjury and disease progression.

The involvement of lipids in the pathogenesis of NASH has led to the concept
of ‘lipotoxicity’, which implies that exposure to, or accumulation of, certain lipids
within hepatic cells may directly cause cellular toxicity or act in a pro-inflammatory
manner [27]. NASH is associated with two defects that can lead to lipotoxicity: (1)
increased delivery of free fatty acids (FFA) to the liver caused by uninhibited lipolysis
in insulin-resistant white adipose tissue [28]; and (2) the formation of cholesterol
crystals within the lipid droplets of steatotic hepatocytes that can cause lipotoxic
injury within these cells [27,29]. The role of white adipose tissue and cholesterol in
NASH will be discussed in more detail in the following sections.

1.2.1 The role of white adipose tissue in liver pathology
The principal function of white adipose tissue (WAT) is to store and release fat in
response to energy needs. In obesity, WAT mass is expanding in response to excess

energy. However, this expansion may be limited, resulting in lipid accumulation in
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other organs throughout the body (ectopic fat) [30]. It is hypothesized that ectopic
hepatic fat accumulation observed in NAFLD could be due to increased delivery of
free fatty acids (FFA) from adipose tissue. In support of this, studies in humans have
demonstrated that increased FFA delivery from WAT is a significant source for lipids
in the liver [28,31]. Excess FFA, rather than triglyceride accumulation, may result
in lipotoxicity in the liver by activating inflammatory and oxidative stress related
pathways [32]. Saturated fatty acids, such as palmitic acid, are poorly incorporated
into triglycerides and have been shown to cause apoptosis in hepatocytes in
vitro [33,34]. By contrast, specific monounsaturated fatty acids (e.g. oleic acid)
are thought to have a protective role against palmitic acid-induced apoptosis by
promoting incorporation of palmitic acid into triglycerides [33]. When triglyceride
accumulation is impaired, free fatty acids may no longer be safely incorporated into
triglyceride pools, leading the buildup of lipotoxic metabolites that can cause liver
injury and trigger NASH development [32,35].

In insulin-resistant patients, FFA plasma levels are often found to be elevated
possibly due to uncontrolled lipolysis in WAT and lead to increased FA flux to the
liver [36]. A key mechanism in the pathogenesis of obesity-associated insulin
resistance relates to WAT inflammation, which has been well demonstrated in
experimental and human studies (reviewed in e.g. [37]). This WAT inflammation is
characterized by infiltration of adipose tissue macrophages [38]. These infiltrating
macrophages may secrete inflammatory mediators, including the pro-inflammatory
cytokine Tumour-Necrosis Factor-alpha (TNFa), which contributes to a local chronic
inflammatory state characterized by impaired fat deposition and increased lipolysis
in WAT [39].

Although obesity is strongly associated with metabolic complications, the
distribution of fat appears more important than the total amount of fat mass
per se. Increased intra-abdominal fat, but not subcutaneous fat, has been
positively associated with insulin resistance [40] and contributes to increased
FFA flux towards the liver in insulin-resistant individuals [31]. Furthermore,
intra-abdominal fat mass strongly correlates with liver inflammation and fibrosis,
whereas the amount of subcutaneous fat is not associated with histological

changes in the liver [40].
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Not only the distribution of fat mass in particular WAT depots may be
of importance in NASH development, evidence also points to a role of the
inflammatory state of WAT [41]. For instance, longitudinal studies in rodents
demonstrated that HFD-induced expression of inflammatory genes in WAT precedes
the development of NASH in obesity [42,43]. Furthermore, Cancello and colleagues
[44] have shown that obese humans with inflamed intra-abdominal WAT have
more fibro-inflammatory lesions in the liver than equally obese subjects without
WAT inflammation. It is postulated that inflammation in WAT results in increased
production of pro-inflammatory cytokines and adipokines (e.g. TNFa, leptin) and
decreased production of protective adipokines (adiponectin) [45]. This imbalance
in adipokines is thought to contribute to the development of NASH. Although
evidence suggests that WAT constitutes an important source of inflammation in

NAFLD, experimental proof for a causal role of WAT in NASH is still lacking.

1.2.2 The role of dietary cholesterol in liver pathology

Growing evidence suggest that cholesterol is a critical factor in the development
of NASH. Data from epidemiological studies link dietary cholesterol intake to the
risk and severity of NAFLD [46,47]. In line with this, expression of inflammatory
genes were increased in livers of mice fed a high-cholesterol diet (1% w/w) but
not with a lower concentration (0.25% w/w) [48]. Other experimental studies have
shown that dietary cholesterol negatively affect the balance between storage and
oxidation of fatty acids in the liver [49] and can lead to oxidative stress and hepatic
inflammation [50]. Furthermore, increased levels of hepatic free cholesterol
are observed in experimental [29,51-53] and human NASH [29,54,55], while
lowering of excess hepatic free cholesterol levels improved liver disease severity
[27,53,56,57]. Mechanistic studies have shown that free cholesterol accumulation
in the liver can promote inflammation and fibrogenesis through the activation of
intracellular signaling pathways in hepatic resident macrophages (Kupffer cells)
[27] and hepatic stellate cells [58]. However, other studies in mice using dietary
cholesterol have shown that hepatic inflammation can develop without steatosis
[52] and obesity [59]. Furthermore, cholesterol-induced hepatic inflammation did

not contribute to the development of insulin resistance in male LDLr-/-mice [60]
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and addition of cholesterol to a high-fat diet (HFD) can protect from HFD-induced
insulin resistance in mice (Hanemaaijer, Pieterman unpublished results). These
data suggest that dietary cholesterol contributes to NASH development that is

independent of insulin resistance.

1.2.3 Inflammatory processes in liver during NASH

Chronic inflammation in the liver is critical in the progression of NAFLD. Activation
of the innate immune system — the body’s rapid first-line defense against
pathogens — is a key component in initiating and for sustaining inflammation in
the liver [61]. Innate immune cells recognize pathogen invasion with intracellular
or surface-expressed pattern recognition receptors (PRRs) by detecting pathogen-
associated molecular patterns (PAMPs). These PRRs are also able to detect
endogenous damage and stress signals through damage-associated molecular
patterns (DAMPS). Importantly, the DAMP-associated immune response occurs
in absence of pathogens and is referred to as ‘sterile inflammation’, which can
occur in all tissues in response to injury and cellular damage. It is thought that
metabolic overload (i.e. surplus of energy or macronutrients) triggers this ‘sterile’
or so-called ‘metabolic inflammation’ in metabolic diseases. However, underlying
mechanisms controlling the inflammatory processes in NASH development remain
poorly understood.

Kupffer cells are the primary sensors of PAMPs and DAMPs and considered key
players in the pathogenesis of NASH, as depletion of these cells in mice results
in resistance to develop hepatic steatosis, inflammation and fibrosis [62,63].
Specifically, the dysregulation between pro-inflammatory macrophages (M1)
and anti-inflammatory macrophages (M2) is emerging as a central mechanism
driving inflammation [64]. During NASH development, activation of Kupffer cells
by inflammatory factors (e.g. FFA) may shift their phenotype towards a pro-
inflammatory M1 state. Activation of Kupffer cells may also govern the recruitment
of blood—derived monocytes/macrophages during NASH. Both, Kupffer cells and
recruited macrophages enhance local inflammation and produce inflammatory
mediators (e.g. TNFa, IL-1B) which, in turn, can further stimulate hepatocytes and

stellate cells to induce steatosis and fibrosis, respectively [65].
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Evidence suggests that recruitment of macrophages into the liver is primarily
promoted by monocyte chemotactic protein-1 (MCP-1), a chemokine that is
upregulated in livers of NASH patients [66]. In turn, MCP-1 drives the recruitment
of C—C chemokine receptor 2 (CCR2) expressing monocytes into the liver. Genetic
deletion of MCP-1 or CCR2 has been shown to reduce steatosis and macrophage
infiltration in livers of mice [67,68], suggesting that interventions directed at CCR2
can represent an potential target for the treatment of NASH.

Inflammasomes have emerged as an important component of Kupffer cell
activation and NAFLD progression. The inflammasome is a protein complex that
consists of an intracellular sensor molecule (the NLR), an adaptor sensor protein
(ASC) and the effector protein caspase-1 [69]. One of the best characterized
inflammasomesis the NLR family pyrin domain-containing 3 (NLRP3) inflammasome.
NLRP3 complex becomes activated in response to PAMPs or DAMPs, which results
in the maturation of pro-caspase-1 into activated caspase-1. Activated caspase-1
cleaves the precursors of pro-inflammatory cytokines IL-1B and IL-18 into their
biologically active counterparts, which are then readily secreted from the cells
and initiate an inflammatory response [69]. Experimental studies have shown that
knockdown of NLRP3-associated genes (i.e. ASC, NLRP3 or Caspase-1) in HFD-fed
mice attenuates obesity-associated inflammation and reduces the development
of metabolic complications, including insulin resistance [70,71] and NAFLD [72],
suggesting that the NLRP3 inflammasome constitutes a potential target for

therapeutic intervention in NASH.

1.3 NAFLD and CVD

Accumulating evidence suggest that patients with NAFLD have a 2-fold higher risk
in developing CVD [5-7]. In line with this, NAFLD is associated with atherosclerosis
development [73], the underlying pathology of CVD. However, the biological
mechanisms linking NAFLD and CVD are still poorly understood.

Patients with NAFLD frequently have a disturbed lipid profile characterized by
high triglyceride levels, increased (very) low-density lipoprotein ((V)LDL) cholesterol
levels and decreased levels HDL cholesterol [5]. This unfavorable lipid profile drives

atherosclerosis development and can, for instance, be the result of increased
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hepatic production of triglyceride-rich VLDL to reduce metabolic overload in the
liver [74].

Atherosclerosis is increasingly being considered an inflammatory disease in
which the liver is thought to be a central mediator in the regulation of inflammation.
Support for an atherogenic role of liver inflammation in humans comes from
the observation that CVD risk is greater in NASH patients compared to subjects
with simple steatosis [75]. Several studies suggest that increased production of
pro-inflammatory factors by the liver play an important role in the pathogenesis
of atherosclerosis (reviewed in [76,77]). Among them are markers of systemic
inflammation, such as cytokines (e.g. IL-6 and TNFa) and acute-phase proteins (e.g.
Serum Amyloid A (SAA), fibrinogen).

1.4 Treatments of NAFLD

1.4.1 Lifestyle intervention

Despite its prevalence, treatment options for NAFLD are limited. The recommended
mainstay treatment for the majority of NAFLD patients is lifestyle modification (diet
and/or increased physical activity) to induce weight loss. Recent studies have shown
that reduced energy intake and increased physical activity induces weight loss and
improves insulin resistance, liver enzymes, and hepatic fat content [78,79]. Lifestyle
modification can also result in improved NAS score in NASH patients [80-82]. More
specifically, these studies showed a significant reduction in steatosis grade, but most
of them concluded that 7% to 10% weight loss is required for the improvement of
hepatic inflammation, hepatocellular ballooning [81,82] and fibrosis [83].

Exercise alone can also improve hepatic fat content and insulin resistance
in obese patients [84]. In addition, performing exercise has shown to reduce
the likelihood of having NASH by a third [85], but whether exercise affects liver
histopathology in NAFLD patients has not been reported so far.

It is important to note that weight loss is seldom maintained in many patients,
because (low-caloric) diets and/or physical exercise are often discontinued [86]. In
patients who failed to implement lifestyle changes, pharmacological treatments
directed at improving NASH might be necessary.
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1.4.2 Insulin sensitizers

Current pharmacological treatments of NAFLD aim at modifying risk factors. Insulin
resistance is closely associated with NASH, therefore most therapeutic trials have
focused on the effect of insulin sensitizers. In particular, the oral antidiabetic drugs
thiazolidinediones (TZDs) have been intensively studied in patients with NASH
[87,88].

An open label trial of rosiglitazone in 26 biopsy-proven NASH patients [89]
and two placebo-controlled trials with pioglitazone [89,90] demonstrated
improvements in liver enzymes as well as NAS score during 48 weeks of treatment.
A recent meta-analysis of 4 randomized, placebo-controlled clinical trials also
confirmed that both, rosiglitazone and pioglitazone significantly improve steatosis,
ballooning, lobular inflammation while the effects on fibrosis were less clear [91].
However, the underlying mechanisms mediating the beneficial effects of TZDs in
NASH development remain unclear.

TZDs improve insulin sensitivity by acting as selective agonists of the nuclear
peroxisome proliferator-activated receptor (PPAR)-y [92]. PPARy is predominantly
expressed in adipose tissue where it controls inflammatory and metabolic processes
[37], suggesting that TZDs exert their hepatoprotective effects via WAT.

The side effects of TZDs however are of great concern, in particular weight gain,
which tend to persist after discontinuation of the treatment [86]. Furthermore, the
long-term safety of glitazones has been debated concerning the increased risk for
cardiovascular events [93]. Hence, rosiglitazone was withdrawn from the market
in September 2010. In November 2013, the U.S. Food and Drug Administration
(FDA) has lifted its earlier restrictions for the use of rosiglitazone, as recent data did
not show increased risk of heart attack compared to the standard type 2 diabetes

medicines, such as metformin [94].

1.4.3 Nutritional interventions

Epidemiological studies show that diet is an important determinant for the risk
of both NAFLD and associated comorbidities [95-97]. In particular the intake of
saturated fatty acids (SFA) is associated with a greater risk of NAFLD [98]. Other
studies in patients further support this association, reporting that NAFLD patients
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have a higher intake of SFA, fructose and cholesterol with lowered consumption
of polyunsaturated fatty acids, fibers, and antioxidants [46,98]. Although it is
thought that caloric restriction is most important for improvement of NAFLD
[19,99], evidence suggest that modulating the composition of the diet can also be
of importance [100]. Data from a recent randomized controlled trial showed that a
Mediterranean diet, which is rich in monounsaturated (MUFA) and polyunsaturated
fatty acids (PUFA), can reduce liver fat content and improve hepatic insulin
resistance, independent of the observed weight loss effect [101]. Supplementation
of MUFA and/or PUFA is currently investigated as a potential treatment against
NAFLD [100,102,103]. Increased MUFA intake, particularly as a replacement for
SFA, is associated with decreased insulin resistance and hepatic steatosis [101].
Others have shown that omega-3 PUFA administration to patients with NAFLD can
have beneficial effects on liver enzymes and hepatic steatosis [104,105] and may
also improve hepatic inflammation and fibrosis [105]. Despite these encouraging
data about the efficacy of PUFAs as a treatment of NAFLD in humans, they have
been limited by small sample sizes, lack of randomization or placebo arms. Hence,
further studies are needed to assess the feasibility and benefits of such alimentary
interventions. Nevertheless, these data suggest that a switch in the type of fat
consumed or supplementation of specific fatty acids could be of interest as a

treatment to reduce metabolic complications.

1.5 Outline of this thesis

NAFLD is a complex disease, in which the origin and molecular mechanisms
controlling the progression of simple steatosis to NASH remain poorly understood.
The aim of this thesis is to provide more insight in the mechanisms underlying
NAFLD progression, focusing on the role of WAT and specific aspects that can
trigger metabolic inflammation.

The first part of this thesis focuses on the link between WAT and liver, in which
we studied the potential role of WAT in NASH development (Chapter 2). As obesity-
induced inflammation in WAT is thought to be critical in NASH development, we first
examined the sequence of inflammatory events in different WAT depots and liver

in a time-course experiment in context of diet-induced obesity. In a subsequent
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experiment, we examined whether WAT is causally involved in NASH development
by surgical removal of a specific inflamed WAT depot. As WAT may constitute a
new target for the treatment of NAFLD, we next examined whether intervention in
WAT inflammation with rosiglitazone (a PPARy activator) would attenuate NAFLD
development (Chapter 3).

Chapter 4 and chapter 5 focused on interventions directed at specific mediators
in metabolic inflammation to study whether these interventions can attenuate the
development of NAFLD. More specifically, we studied the therapeutic effect of a
CCR2 inhibitor (chapter 4) and inflammasome inhibition, using a caspase-1inhibitor,
(chapter 5) on NAFLD development in context of manifest insulin resistance and
WAT inflammation.

In chapter 6, we examined the potential of a distinct nutritional strategy to
prevent the development of NAFLD, by changing the macronutrient composition
of the diet to reduce metabolic overload. We investigated whether replacement
of dietary saturated fat with pumpkin seed oil (rich in unsaturated fat) would
attenuate NAFLD and atherosclerosis development. In addition, we examined
whether phytochemicals present in unrefined (virgin) pumpkin seed oil exerts
additional health effects over the refined oil.

Metabolic overload results in the increased fat deposition within the liver,
however it is unclear whether a distinct type of fat storage i.e. macrovesicular or
microvesicular steatosis, contributes to NAFLD progression. Therefore, in chapter 7
we studied whether a potential relationship exists between the type of steatosis
and the onset of hepatic inflammation in different experimental models of NASH
that were also used in the previous chapters. Finally, the results obtained in the

studies described herein and their implications are discussed in chapter 8.
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