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General introduction

The metabolic syndrome
The metabolic syndrome (MetS) refers to a cluster of interconnected risk factors that
will increase the overall risk for the development of cardiovascular disease (CVD),
stroke, type 2 diabetes mellitus and fatty liver disease. The main principle behind the
MetS is an imbalance between energy intake and energy utilization, disrupting whole‐
body metabolism. The combination of the environment as well as genetic
predisposition significantly contributes to the development of the MetS.
Environmental factors include a sedentary lifestyle and on a nutritional‐area,
overnutrition of low‐fibre, fat‐containing and high‐caloric foods.1

Figure 1.1

The metabolic syndrome (MetS). The MetS can be defined as a disorder in which
overnutrition of predominantly fat‐rich foods, physical inactivity and genetic factors result in a
metabolic imbalance. Consequently, certain metabolic risk factors including obesity,
dyslipidemia, and insulin resistance start to develop. The combination of obesity with two or
more risk factors increases the risk for several diseases such as fatty liver disease, type 2
diabetes and stroke.

Individual risk factors that are strongly associated with the MetS include central
obesity, raised triglyceride levels, reduced high‐density lipoprotein (HDL, the ‘good’
cholesterol) levels, hypertension and an increased blood sugar level. According to the
International Diabetes Foundation (IDF), individuals that are identified with the MetS
must meet the criteria of having central obesity plus two additional, of the above‐
mentioned, risk factors.2 Based on these criteria, including those of IDF, approximately
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one‐fourth of the adults in Europe can be defined as having the MetS.3 Nowadays,
there has been a greater concern about the prevalence of the MetS in children, which
is expected to rise to epidemic proportions. The main concern is that the MetS is an
important risk factor for the development of CVD, a heart attack, type 2 diabetes
mellitus and fatty liver disease (Figure 1.1).4 Within the cluster of the MetS, the
content of this thesis will primarily focus on the diet‐induced effect on the liver.

The liver is an essential metabolic organ
The liver, which is one of the largest organs in the body, fulfills numerous functions
including detoxification of many toxins including medication, drugs and alcohol. As
such, the liver plays a major role in whole‐body metabolism. Furthermore, the liver
controls lipid metabolism, provides nutrient storage, supports immunity, assists in
digestion processes through bile production and produces proteins necessary for
blood plasma.5
Approximately 20% of the total blood flow passes through the liver every minute.5,6
Unlike other organs, the liver receives blood supply from two sources being, nutrient‐
rich blood from the intestines (portal venous system) and oxygen‐rich blood from the
heart. Considering its functions, the liver can be referred to as a ‘first pass’ organ,
filtering nutrient‐rich blood directly originating from the stomach and the intestines.
In this way, toxic substances and pathogens can be destroyed, while other substances,
such as lipids, are stored in the liver.
Lipids are fat‐like substances that are either absorbed from food or synthesized by the
liver and serve as a source for energy. In the blood, mainly two types of lipids are
circulating, triglycerides and cholesterol. Both lipids are physiologically important,
whereas triglycerides are used to store energy in muscle and fat tissue, cholesterol is
essential for structural components of the cell (cell membrane) and bile acids. As lipids
are not soluble in water, they require packaging into hydrophilic structures, called
lipoproteins, for transport through the bloodstream. Based on their size, density and
content, lipoproteins are classified as chylomicrons, very‐low‐density lipoproteins
(VLDL), low‐density lipoproteins (LDL) and high‐density lipoproteins (HDL).
There are three pathways that are responsible for the metabolism of lipoproteins, the
exogenous, endogenous and the reverse cholesterol transport pathway (Figure 1.2).
The exogenous pathway starts with intestinal absorption of fats (triglycerides and
cholesterol), which are packaged into chylomicrons. Subsequently, chylomicrons enter
the circulation and travel to peripheral tissues, such as muscle and fat. By use of the
endothelial‐bound enzyme, lipoprotein lipase, the packaged fats into chylomicrons
are converted into glycerol and free fatty acids and delivered to muscle and fat for
10
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energy purposes or storage. After delivery, the chylomicrons, now called chylomicron
remnants, are left with carrying mainly cholesterol and circulate back to the liver for
further processing.
The endogenous pathway deals with the formation of lipoproteins, mainly VLDL, in
the liver. VLDL lipoproteins are loaded with fats and subsequently released into the
blood. Similar to chylomicrons, VLDL particles continuously circulate through the
blood until the peripheral tissues, principally muscle and fat, have taken up all the free
fatty acids. The majority of the remaining VLDL remnants are cleared by the liver to
become intermediate‐density lipoproteins (IDL). While some IDL particles are
reabsorbed by the liver, some IDL particles are incorporated into LDL lipoproteins.5
About 40‐60% of these LDL particles, highly rich in cholesterol, are cleared by the liver
via hepatic LDL receptors. The remaining LDL particles are absorbed by the
extrahepatic, peripheral tissue.
The third route, the reverse cholesterol transport pathway is a process opposite to the
exogenous and endogenous pathway. HDL particles are initially cholesterol‐free
particles that are synthesized by both intestinal enterocytes and the liver. Once in the
blood, HDL particles promote cholesterol efflux and bind the released cholesterol. The
cholesterol‐carrying HDL particles return to the liver and are either reused for
assembly of other lipoproteins or are excreted in the stool. As a result, HDL formation
is believed to be protective for peripheral tissues as it clears cholesterol.5

Figure 1.2

Lipoprotein metabolism. A schematic overview of the exogenous, endogenous, and reverse
cholesterol transport pathway. CM: chylomicrons; CMR: chylomicron remnants; LPL:
lipoprotein lipase; FFA: free fatty acids; VLDL: very low‐density lipoprotein; IDL: intermediate‐
density lipoprotein; LDL(R): low‐density lipoprotein (receptor); HDL: high‐density lipoprotein.
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Relevantly, fat‐rich foods and overnutrition can cause dysregulation of these three
pathways; lipoprotein synthesis, processing and clearance. As a result, there is a shift
in the plasma lipoprotein profile to profoundly higher levels of triglycerides and LDL
particles and lower amounts of HDL particles, called dyslipidemia. Under normal
circumstances, the uptake of LDL occurs by LDL receptor‐mediated endocytosis.
However, under fat‐rich conditions and thus high plasma LDL levels, LDL is internalized
via scavenger receptor‐mediated macrophage uptake in an unlimited fashion. As such,
the increased amount of LDL lipoproteins predominantly starts to accumulate in the
liver, which leads to a specific liver disease pathology known as non‐alcoholic fatty
liver disease.

Non‐alcoholic steatohepatitis (NASH) is a crucial hepatic
manifestation of non‐alcoholic fatty liver disease (NAFLD)
The MetS is an important risk factor for the development of non‐alcoholic fatty liver
disease (NAFLD) and therefore NAFLD is often referred to as the hepatic event of the
MetS. NAFLD encompasses a spectrum of several diet‐induced liver pathologies with
minimal or no alcohol consumption (ideally <10 g/day for females and <20 g/day for
males according to the NASH CRN database).7,8 The most simple and benign form of
NAFLD is steatosis, which is characterized by an excessive amount of fat accumulation
in the liver due to a diet rich in fat. A more advanced liver condition of NAFLD is non‐
alcoholic steatohepatitis (NASH) and represents a combination of fat accumulation in
the liver along with inflammation. Whereas steatosis is considered to be benign and
reversible, it is the inflammatory component of NASH that increases the chance of
developing severe complicated liver disease such as fibrosis, cirrhosis and ultimately
liver failure or hepatocellular carcinoma.9 Thus, hepatic inflammation during NASH is a
key step in the etiology of NAFLD.

Epidemiology
The prevalence of NASH worldwide is currently under investigation, as such, the
precise number of individuals with NASH remains largely unknown, partly because
accurate non‐invasive markers to detect NASH are lacking. In general it is estimated
that approximately 12% of US middle‐aged adults have NASH10 with a higher NASH
prevalence among Hispanics.10, 11 However, in selected populations, i.e. these patients
were selected to undergo a liver biopsy based on abnormal liver enzyme levels, the
prevalence of NASH increased to around 34‐40%.12, 13 Patients who were extremely
overweight and underwent bariatric surgery, the prevalence was estimated to be
37%.14 Data from the National Health and Nutrition Examination Survey III (NHANES
III) demonstrated that NAFLD patients with NASH, compared to NAFLD patients
without NASH, were more likely to have visceral obesity (88.7%), hyper‐
12
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cholesterolemia (90.2%) and hypertension (45.5%).11 Thus, factors of the MetS are
strong risk predictors for the development of NASH. However, it is also important to
note that, unlike most NASH patients, in some cases NASH is also prevalent in healthy
lean individuals.15
NASH is described in individuals at all ages, and becomes more common in children,
especially when obese. In line with NASH in adults, this disease in children is also
strongly associated with features of the MetS. Based on biopsy‐proven cohorts, the
prevalence of pediatric NASH is estimated to range between 68‐84% in children
diagnosed with a fatty liver.16 The development of NASH at a young age can have
severe consequences later in life, with progression into complicated liver disease and
a shorter life expectancy.17
In 2012, more than one‐third of the children and adults in the US were overweight or
obese.18 As it is expected that the obesity epidemic will further continue, the number
of patients with NASH is expected to rise dramatically. As such, NASH is about to
become a worldwide health concern and needs adequate diagnosis and therapy.

NASH diagnosis
NAFLD and NASH are often underdiagnosed due to the non‐specific nature of
symptoms and the lack of sensitive non‐invasive screening methods. Although some
patients experience pain in the upper right area of their abdomen and suffer from
fatigue19, the majority of patients have no complaints. Upon first suspicion of NAFLD
and NASH, the levels of plasma liver enzymes, alanine amino transaminase (ALAT) and
aspartate amino transaminase (ASAT), are primarily assessed. Elevation of these liver
enzymes in the blood points toward liver cell damage. However, cautious
interpretation is required as various other liver diseases can also lead to an abnormal
aminotransferase pattern20, while some NAFLD patients show aminotransferase levels
in the normal range.21 In general, plasma aminotransferases are not able to
distinguish patients with steatosis from those who suffer from NASH. In case
aminotransferases are not conclusive, several imaging methods are a useful tool in
NAFLD diagnosis. Ultrasound elastography22, computed tomography (CT)23, magnetic
resonance imaging (MRI)24 and magnetic resonance spectroscopy (MRS)25 are non‐
invasive diagnostic tools to define structural abnormalities of the liver, including a
fatty liver and fibrosis, however, these techniques lack the ability to detect the
inflammatory component of NASH.26 The most decisive, and simultaneously, the most
invasive method, which is currently regarded as the gold standard to diagnose NASH,
is a liver biopsy. Over the years, several histological scoring systems have been
developed for diagnosing NASH in children and adults. All scoring systems basically
use the same principles for NASH diagnosis and include a mixture of several liver
pathologic features (steatosis, hepatocyte ballooning, lobular inflammation, portal
inflammation and fibrosis), rather than assessing hepatic inflammation solely.27‐29
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Unfortunately, there are some important disadvantages to liver biopsies, including
risk for complications such as pain and bleeding, patient stress and discomfort.30
Furthermore, NASH lesions are not equally distributed throughout the whole liver. As
a needle biopsy represents only a small fraction of the liver (1/50.000), NASH
pathology can be missed easily and can potentially result in misdiagnosis.31 Due to
these reasons, a liver biopsy is not the most suitable method in the detection and
clinical follow‐up of NASH patients and should be replaced by specific and sensitive
non‐invasive markers.

NASH therapy
Currently, no approved treatment exists that is able to specifically cure and reduce
NASH. To date, simple lifestyle modifications, such as body weight management and
appropriate nutritional counseling (with and without regular physical exercise and
cognitive‐behavior programs), were proven to be the most effective therapy against
NASH.32,33 For morbidly obese patients, lifestyle changes alone are not sufficient to
achieve sustained weight loss. For these subjects bariatric surgery can be considered,
which has been shown to improve overall physical health and ameliorate NASH
histology.34 In addition to lifestyle changes, pharmacological interventions, aimed at
targeting features accompanied with NASH including hyperlipidemia, insulin
resistance or oxidative stress, are also utilized.35 The use of ursodeoxycholic acid
(UDCA)36, pentoxifylline37, probiotics38,39, incretins40,41 and farnesoid X receptor (FXR)
agonists42 are currently under investigation for the treatment of NASH. However,
none of these therapies proved convincingly to reverse NASH, therefore there is a
need for novel therapeutic strategies against hepatic inflammation. New insights
obtained from animal models are needed to find the underlying mechanisms of the
pathogenesis of NASH. These findings have the potential to be developed into
accurate diagnostic applications for the detection of human NASH and interventions
for treatment of this disease.

Hyperlipidemic Ldlr‐/‐ mice as a suitable mouse model to
study NASH
Most animal models used to study NASH are very different from human NASH
patients. For example, some genetically modified mice often need a second external
stimulus, such as lipopolysaccharide, to fully develop hepatic inflammation whereas
some nutritional models do not develop typical features related to the metabolic
syndrome, such as hyperlipidemia and obesity.43 In the current thesis, we used mice
that lacked the low‐density lipoprotein receptor (Ldlr‐/‐), a gene important in
cholesterol uptake. Upon a high‐fat, high‐cholesterol (HFC) diet, the Ldlr‐/‐ mice
demonstrated mildly elevated cholesterol levels, with most cholesterol carried in the
14
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IDL/LDL fractions. This plasma cholesterol profile is comparable to those found in
humans with an LDLR deficiency, in which cholesterol is mainly confined to the LDL
fraction.44 Additional research demonstrated that hepatic inflammation persisted for a
long period of time in Ldlr‐/‐mice, which is most likely the consequence of an increased
sensitivity to the oxidized form of LDL (oxLDL).45 The resemblance with a human‐like
lipoprotein profile and the sustained hepatic inflammatory response makes
hyperlipidemic Ldlr‐/‐ mice a suitable mouse model that can be used to study the onset
and progression of NASH.

Lysosomal cholesterol accumulation inside macrophages is
associated with intracellular trafficking defects
Kupffer cells (KCs), the liver macrophages, are considered to be in the driver’s seat
during the disease process of NASH.46‐48 Upon HFC feeding of Ldlr‐/‐ mice, we have
found that KCs are essential in scavenging modified lipids, such as oxLDL, via the so‐
called scavenger receptors (e.g. scavenger receptor A and CD36). Unlike the LDL
receptor, scavenger receptor‐mediated uptake of cholesterol is not downregulated
upon high LDL concentrations.49,50 As a result, excessive scavenger receptor‐mediated
uptake of these LDL particles transformed KCs into lipid‐laden (foamy) cells and
increased the hepatic inflammatory response. In line, mice deficient for these
scavenger receptors demonstrated a strong reduction in hepatic inflammation.51,52
Strikingly, despite the difference in inflammation, KC size remained similar, suggesting
that intracellular cholesterol trafficking defects in KCs underlie hepatic inflammation.
Further observations from our group demonstrate that hyperlipidemic Ldlr‐/‐ mice
with hepatic inflammation display increased cholesterol accumulation inside
lysosomes of KCs. Rather than lysosomal storage, cholesterol was profoundly stored
inside the cytoplasm of KCs of mice without hepatic inflammation (See Figure 1.3).52,53
Thus, a strong association exists between increased lysosomal cholesterol
accumulation in KCs and hepatic inflammation.54 Accordingly, instead of subjects with
steatosis, the presence of foamy KCs was exclusively found in liver biopsies of NASH
patients and suggests the existence of a similar cholesterol trafficking defect in
humans as identified in hyperlipidemic mice.55 Taken together, these data suggest
that not the foamy appearance of KCs but the intracellular cholesterol distribution
plays a crucial role in the initiation of NASH.

15

1

Chapter 1

1

Figure 1.3

‐/‐

Electron microscopy pictures of Kupffer cells of hyperlipidemic Ldlr mice. Mice with
increased hepatic inflammation correlated with more cholesterol storage inside lysosomes
(left), as pointed out by the arrows, whereas mice with reduced hepatic inflammation
demonstrated cholesterol deposition inside the cytoplasm (right).

Due to the combination of elevated cholesterol‐rich LDL particles in plasma and
increased oxidative stress, higher oxLDL levels are observed in obese and NASH
subjects.56,57 Whereas non‐modified LDL is efficiently cleared from lysosomes,
modified LDL, especially in the form of oxLDL, was resistant to normal efflux and lead
to accumulation in the lysosomal compartment.58 Additional in vitro research
demonstrated that the uptake of oxLDL, and not native LDL, by macrophages is the
trigger for the inflammatory response.59‐61 In line, a mouse model for studying NASH
was developed by adding oxLDL to the high‐fat diet.62 These data suggest that
inflammation is dependent on lysosomal cholesterol accumulation of specific
lipoprotein species and point towards lysosomal oxLDL accumulation as the main
trigger for the inflammatory response. However, rather than being a direct trigger for
NASH, these studies all demonstrated an association between oxLDL and
inflammation.
Lysosomal cholesterol accumulation leads to an increase in the size of the lysosomes
and a lipid‐swollen phenotype. Such cholesterol overload inside lysosomes has been
associated with lysosomal dysfunction.63 Recently, it becomes clear that the function
of the lysosome includes more than the digestive system of the cell. Increasing
evidence now demonstrates that the lysosomal compartment can also be viewed as
vesicles that can secrete its content, for example lysosomal enzymes.64,65 In line,
uptake of oxLDL has been shown to increase lysosomal destabilization66,67 and may
induce relocation of lysosomal enzymes, such as cathepsin D.68,69 In turn, cathepsin D
has been shown to be involved in activation of the inflammasome and apoptosis,
thereby potentially leading to inflammation.70 So far, little is known about lysosomes
in the context of NASH.
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Thesis aim and outline
Despite the demonstrated strong association between lysosomal cholesterol
accumulation and hepatic inflammation, a causal link was never investigated. In the
current thesis, we aimed to establish the causality between lysosomal oxLDL
accumulation inside KCs and hepatic inflammation. Furthermore, based on our
observations regarding the fundamental role of oxLDL in NASH, novel treatment
options were tested and an early as well as accurate diagnostic method for the
detection of NASH was developed.
Chapter 2 points toward an association between oxLDL and hepatic inflammation and
provides a detailed overview about the harmful and inflammatory effects of oxLDL. In
Chapter 3 we showed the association between lysosomal cholesterol storage and
hepatic inflammation. Furthermore, we demonstrated specifically that, unlike native
and acetylated LDL, it is the lipoprotein fraction oxLDL that tends to accumulate inside
the lysosomes of KCs. In Chapter 4, we demonstrated a direct causal link between
lysosomal cholesterol accumulation in KCs and hepatic inflammation. For this
purpose, we transplanted bone marrow of Npc1mutant mice into Ldlr‐/‐ mice as a tool to
induce lysosomal cholesterol accumulation inside KCs. Instead of the total cholesterol
content inside lysosomes of KCs, we established it is particularly the lysosomal oxLDL
that is one of the leading triggers for hepatic inflammation. Chapter 5 explores the
effect of an oxLDL‐targeted immune response during NASH in Ldlr‐/‐ mice. The
immunization gave rise to specific anti‐oxLDL antibodies and was tested as a specific
treatment intervention to prevent the development of NASH. In Chapter 6, we tested
the plasma lysosomal enzyme, cathepsin D, as a novel diagnostic tool to predict
hepatic inflammation in children. For this purpose, we studied a pediatric liver biopsy‐
proven cohort of ninety‐six children. Chapter 7 explores plasma cathepsin D levels in
three adult NASH cohorts and in NASH patients after intervention. In this chapter, the
potential clinical value of cathepsin D as a tool to improve NASH diagnosis during
progression and regression is evaluated. Chapter 8 provides a summary of multiple
mechanisms by which lysosomal oxLDL accumulation inside macrophages can affect
hepatic inflammation. Finally, the key results of the thesis are discussed in Chapter 9
and placed in the current state of the field. Furthermore, the clinical implications of
the findings are addressed.
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Abstract

2

Non‐alcoholic steatohepatitis (NASH) is hallmarked by lipid accumulation in the liver (steatosis)
along with inflammation (hepatitis). The transition from simple steatosis towards NASH
represents a key step in pathogenesis, as it will set the stage for further severe liver damage.
Yet, the pathogenesis behind hepatic inflammation is still poorly understood. It is of relevance
to better understand the underlying mechanisms involved in NASH in order to apply new
knowledge to potential novel therapeutic approaches. In the current review, we propose
oxidized cholesterol as a novel risk factor for NASH. Here, we summarize mouse and human
studies that provide possible mechanisms for the involvement of oxidized low‐density
lipoproteins (oxLDL) in NASH and consequent potential novel diagnostic tools and treatment
strategies for hepatic inflammation.
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Introduction
Non‐alcoholic fatty liver disease (NAFLD) involves a cluster of liver disease pathologies
ranging from liver lipid accumulation (steatosis) through inflammation (non‐alcoholic
steatohepatitis) to fibrosis and finally, irreversible cirrhosis. Compared to simple
steatosis, non‐alcoholic steatohepatitis (NASH) is a more severe, but less common
form of NAFLD. According to a prospective study, approximately 46% of a general
patient population was classified with a fatty liver, of which 29% of ultrasound
positive subjects were diagnosed with biopsy‐proven NASH. Parallel to the increasing
prevalence of obesity, there was a corresponding increase of body mass index (BMI) in
this cohort.1 Concomitantly, weight loss improved the histological disease activity of
NASH.2 Since obesity is a growing international epidemic both in adults and children,
steatohepatitis is about to become the most common cause of liver cirrhosis and end‐
stage liver diseases, due to the complications of portal hypertension.3
As of today, several mechanisms have been proposed for hepatic inflammation.
Current interests implicate an important contribution of the adipose tissue,
particularly visceral adipose tissue (VAT) and its secretory products.4 Abnormal VAT
function, primarily due to obesity, amplifies the release of adipocytokines from fatty
tissue, which can lead to systemic effects, such as low‐grade systemic inflammation
and an altered metabolic state with insulin resistance. The increased lipid content in
VAT, enhances free fatty acid (FFA) delivery from the adipocytes into the liver,
impairing the hepatic lipid content and initiating hepatic insulin resistance. Whereas
adipocytokines, including interleukin‐8 and tumor necrosis factor‐alpha (TNF‐α), could
contribute to hepatic inflammation via lipid peroxidation and modulating the
inflammatory response, FFAs can induce NASH via hepatocyte apoptosis, lipotoxicity
and increased production of reactive oxygen species (ROS).5,6 Recent evidence points
toward another tissue, the gastrointestinal tract, as a source for liver inflammation.
Apart from altered gut microbiota during obesity,7 studies showed increased intestinal
permeability during NASH, which could lead to elevated levels of plasma
lipopolysaccharide (LPS).8,9 This gut‐derived LPS can activate the immune system via
pro‐inflammatory signaling pathways after binding to toll like receptors (TLRs), as
those present on, for example Kupffer cells.10 Additionally, vascular abnormalities, as
observed in atherosclerosis, have been strongly associated with NASH.11 Thus, a
potential interplay exists between metabolic tissues and inflammation leading to the
development of NASH (Figure 2.1). At molecular level, increased FFA levels, among
other factors, can initiate endoplasmic reticulum (ER) stress and mitochondrial
dysfunction. Subsequently, this will lead to excess ROS production and the formation
of lipotoxic molecules, hereby contributing to the hepatic inflammatory response.12
Disturbed autophagic function, as a result from decreased removal of altered
mitochondria and the ER, has been suggested to further aggravate hepatic
infammation.13 Thus, several mechanisms play a role in the transition to NASH.
Recently, increasing amounts of data show the involvement of oxLDL in hepatic
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inflammation. While there is no evidence that the contribution of oxLDL to NASH is
greater than other known mechanisms, oxLDL is emerging as a new risk factor for
hepatic inflammation. Therefore, in this review, we will focus on oxLDL and its
implications in NASH.

2

Figure 2.1

Schematic diagram illustrating the metabolic crosstalk between liver, adipose tissue, gut,
arteries and systemic inflammation. The development of NASH is dependent on underlying
mechanisms related to the metabolic syndrome such as disturbed intestinal permeability, gut
microbiota, increased systemic inflammation, vascular abnormalities, and adipose tissue
dysfunction as a result from increased macrophage infiltration and insulin resistance. In turn,
NASH by itself can exacerbate inflammation in these metabolic tissues, retaining a positive
feedback mechanism.

NAFLD corresponds with an altered lipid metabolism and is associated with the
metabolic syndrome (MetS). One central feature is the elevation of triglycerides in
plasma as well as in the liver. Sources of increased hepatic triglyceride content are
due to excess dietary intake, elevated triglyceride synthesis in the liver from FFA
formed during de novo lipogenesis, enhanced FFA influx into the liver from lipolysis of
adipose tissue and subsequent conversion into triglycerides, reduced lipid export from
the liver via very low‐density lipoprotein particles and diminished oxidation of fatty
acids.14 Other hallmarks associated with NAFLD are low plasma high‐density
lipoproteins (HDL), elevated low‐density lipoproteins (LDL) and total cholesterol.15
Currently, it has been postulated that different types of lipids mediate the disease
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spectrum of NAFLD. While hepatic accumulation of triglycerides is related to steatosis,
it becomes more evident that cholesterol is implicated in the hepatic inflammatory
response. For example, a high cholesterol diet induced liver inflammation in mice
susceptible for NASH, while elimination of dietary cholesterol prevented
steatohepatitis.16,17 Although there is a clear association between obesity and NASH,
dietary cholesterol was even found to be the main trigger of hepatic inflammation in
non‐obese rodents and humans.18,19 Moreover, in livers of NASH patients, total
plasma cholesterol as well as free cholesterol deposits were found to be increased
compared to control subjects.20,21 Altogether, these observations indicate that
cholesterol is a key player in the onset of NASH.
Oxidative stress is another important and central mechanism in the progression
towards NASH. Many cells, including macrophages, are capable of internalizing and
accumulating excess amounts of plasma lipoprotein‐derived cholesterol.22 Mimicking
this process in vitro, by loading of macrophages with cholesterol, resulted in increased
generation of ROS.23 In turn, oxidative stress brings damage to cell structures such as
membranes, proteins and DNA of liver cells, hereby triggering a hepatic inflammatory
response which can eventually lead to apoptosis.24 Several sources of hepatic ROS
have been determined regarding the development of NASH and include mitochondria,
peroxisomes, the endoplasmic reticulum and enzymes such as the cytochrome P450
superfamily, NAPDH oxidase and xanthine oxidase.24 Recently, it has been reported
that steatohepatitis may be caused by lipid‐induced oxidative stress.25 Thus, given that
cholesterol and oxidative stress play a causal role in the pathogenesis of NASH, it is
highly likely that not cholesterol alone, but consequent oxidation of cholesterol
specifically is the substantial risk factor for NASH. To support this hypothesis, we will
evaluate current data that describe the involvement of oxidized cholesterol in
inflammation and NASH. Additionally, potential clinical benefits of oxLDL in the field of
NASH will be discussed.

The inflammatory aspects of oxLDL
Recent studies show that oxLDL contributes to inflammatory processes through
interaction with immune cells and disturbed intracellular cholesterol trafficking. To
date, an increasing amount of evidence implicates an important role for oxLDL in
obesity‐related inflammatory disorders, such as atherosclerosis26,27 and cardiovascular
disease (CVD).28,29
So far, several mechanisms underlying LDL oxidation have been identified in vivo.
Hyperglycemia, a pre‐diabetic state prior to insulin resistance, has been shown to be
strongly associated with oxidation of circulating LDL as glucose decreases the
antioxidant characteristics of serum albumin.30,31 Chronic hyperglycemia has been
implicated in the enhanced formation of advanced glycation end products (AGEs),
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eliciting alterations of the LDL particle.32 Interestingly, feeding mice a high‐AGE diet
caused liver inflammation, suggesting that AGE‐induced modified LDL plays an
important role in inflammation.33 The increase of FFA flux, primarily released from
adipose tissue, into the liver is strongly linked to insulin resistance and increased
oxidative stress, possibly exacerbating oxidation of LDL.34

2

OxLDL‐induced inflammation and apoptosis
Minimally oxidized forms of LDL contain lipid oxidation products without extensive
protein modification. Since oxLDL particles stay longer in the plasma, they are more
prone for further oxidation. As modification proceeds, the highly oxidized LDL particle
turns into a structure similar to pathogen‐related epitopes and therefore will be
removed from plasma through binding and uptake by macrophages. This response is
initially intended to be protective, however, an excessive amount of lipids will build up
inside macrophages, leading to a phenomenon called foam cell formation.35 This
change in foamy appearance causes the swollen phenotype of the macrophage to
activate the transcription factor nuclear factor‐kappaB (NF‐κB),36 hereby inducing the
production of inflammatory cytokines (Figure 2.2).36,37 OxLDL has been shown to
modulate inflammation by affecting several other cellular mechanisms, such as;
inducing transmigration of neutrophils,38 eosinophils,39 monocytes and
T lymphocytes;40 elevating several adhesion molecules38,41‐43 and recruiting immune
cells through the release of the chemokine (C‐C motif) ligand 23 (CCL23).44 Moreover,
oxLDL induced inflammation through increased ROS generation45 and elevated
expression of metalloproteinases.46
Another important aspect during the pathogenesis of inflammation is apoptotic cell
death, which has been shown to play an important role in NASH.47,48 OxLDL has been
found to increase apoptosis through activation of apoptotic signaling cascades
including the Fas signaling pathway.49 Additionally, biologically active oxidized lipids
were found in apoptotic cells.50 Thus, given that oxLDL induces apoptosis, oxLDL is not
merely an inflammatory trigger, but also promotes subsequent cell damage.

Disturbed intracellular trafficking of oxLDL
OxLDL possibly exerts its inflammatory effects upon receptor‐mediated macrophage
endocytosis. Once internalized, it has been postulated that oxLDL is transported to the
lysosomal compartment where it is poorly degraded or hydrolyzed and therefore
accumulates in lysosomes. This is in contrast to native or acetylated LDL (acLDL),
which are normally degraded by lysosomal enzymes followed by relocation into the
cytoplasm for further processing.51 Lysosomal trapping of oxLDL, probably due to
impaired cholesteryl ester hydrolysis or an alteration in lysosomal pH,52 has the
potential to damage and disrupt the lysosomal membrane. Since lysosomes are
involved in a wide variety of biological processes, cholesterol‐induced lysosomal
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damage can lead to inflammation and apoptosis.53 In vitro data demonstrated the
appearance of cholesterol crystals inside lysosomes upon prolonged oxLDL incubation.
It is speculated that these crystals represent an endogenous danger signal and trigger
the activation of the NLRP3 inflammasome and subsequent pro‐inflammatory
interleukin‐1 production.54 In addition, it has been proposed that lysosomal
cholesterol accumulation leads to disturbed autophagy, a process important in
inflammation and apoptosis.55 Taken together, lysosomal trapping of oxLDL inside
macrophages leads to cellular damage, possibly through mediating inflammation and
apoptosis. Although the inflammatory effects of oxLDL are well‐documented in the
atherosclerosis field, the link between NASH and CVD has never been investigated
directly by any study. Therefore, it is still questionable whether the inflammatory
aspects of oxLDL summarized in this paragraph can be applied to NASH as well.

OxLDL and its implications in non‐alcoholic steatohepatitis
An increasing amount of studies strongly emphasize the role of Kupffer cells (KCs), the
liver’s resident macrophage population, in the pathogenesis of NASH.56 We now
elucidate the effect of oxLDL on KCs and its contribution to hepatic inflammation.

Role of KCs
A growing body of evidence contradicts the “two‐hit” model, in which is described
that hepatic steatosis is considered to be the first critical ‘hit’ and a necessary
prerequisite for further liver damage, such as inflammation.57 Nowadays, it becomes
increasingly clear that a multifactor etiology, with a central role for KCs, underlies the
pathogenesis of NASH.58 In contrast to the “two‐hit” model, several papers describe
the development of severe hepatic inflammation without the presence of hepatic
steatosis.16,59 Furthermore, omitting cholesterol from hyperlipidemic mice prevented
hepatic inflammation without affecting steatosis.16 Furthermore, comparable to foam
cell formation in atherosclerosis, hyperlipidemic mice showed bloated foamy KCs
which was correlated to hepatic inflammation. Consistently, a high fat diet (HFD)
without added cholesterol demonstrated reduced hepatic inflammation without
swollen KCs.16 During early steatohepatitis, isolated fat‐laden KCs from HFD‐fed mice
predominantly contained cholesterol and displayed a pro‐inflammatory phenotype.60
Inflammation, triggered by cholesterol‐rich foam cells, is a well established hypothesis
in the field of CVD and has been recognized as a significant parameter during
atherosclerotic plaque formation.61 Thus, cholesterol or its modified form, trapped
inside KCs, is an actual trigger for NASH.
Critical contributors for the uptake of modified lipids and cholesterol by macrophages
are the scavenger receptors (SRs), scavenger receptor A (SR‐A) and CD36.62 Literature
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describes a distinct affinity for binding of oxLDL between these two SRs. SR‐A binds
and mediates uptake of oxLDL to a lesser extent than CD36. Compared to incubation
with LDL and acLDL, treatment with oxLDL elevated gene expression and protein
levels of SR‐A and CD36 in macrophages.63,64 These data show that both SRs are
involved in the uptake of oxLDL. Similar to typical macrophages, SRs were also
identified on KCs.65 Haematopoietic deletion of SR‐A (Msr1) and/or Cd36 in
hyperlipidemic mice resulted in decreased hepatic inflammation, indicating that SR‐
mediated uptake of modified cholesterol by KCs is the trigger for the development of
steatohepatitis (Figure 2.2).59,66 Loading bone marrow‐derived macrophages of LDL
receptor (Ldlr)‐/‐ mice with oxLDL, hereby mimicking foam cell formation, showed to
be more inflammatory than macrophages without oxLDL loading.67 Taken together,
these data demonstrate the causal role of oxLDL as a driver of the inflammatory
response.

Figure 2.2

Schematic illustration showing the involvement of oxLDL in the macrophage inflammatory
response. Lipid‐laden foamy macrophages express higher levels of the scavenger receptors
CD36 and SR‐A and produce more pro‐inflammatory cytokines. Through interplay with
surrounding cells, these cytokines further amplificate the inflammatory response. Blocking
macrophage uptake of oxLDL led to macrophages smaller in size, less CD36 and SR‐A
135
expression and reduced inflammation. Modified after .

Recently, a novel mouse model for NASH has been developed by using a combination
of oxLDL and a HFD. Administration of oxLDL to wildtype HFD‐fed mice displayed the
entire pathology of NASH, i.e. steatosis, hepatic inflammation, fibrosis, and also lipid‐
laden macrophages, dyslipidemia and aggravated hepatic lipid peroxidation.64 This
novel animal model shows the direct involvement of oxLDL in the development of
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NASH, however, the underlying intracellular pathway that contributes to hepatic
inflammation has not been established. One proposed theory is a defective intrinsic
mechanism of lipid trafficking inside KCs.
Macrophage‐derived foam cells, as those present during atherosclerosis,
predominantly contain enlarged lysosomes filled with cholesterol and cholesterol
crystals, instead of cholesterol ester storage into the cytoplasm.54,68 For the first time,
our group demonstrated accumulation of cholesterol and cholesterol crystals inside
lysosomes of KCs in a mouse model representing NASH.66,69 In line with these data,
hepatic inflammation was found to be associated with increased cholesterol storage
inside lysosomes of KCs, providing evidence that lysosomal cholesterol accumulation
in KCs is crucial for inflammation in the context of NASH.66,69 Altogether, mounting
evidence demonstrate that NASH exhibits similar characteristics to atherosclerosis,
including foam cell formation and cholesterol‐engorged lysosomes. Regarding the
latter observation, it has been proposed that advanced stages of atherosclerosis are
analogous to a modified form of lysosomal storage disorders.70 Therefore, these
results indicate that NASH can be considered likewise. Our novel hypothesis that
NASH shares similarities with an acquired lysosomal storage disorder opens up
entirely new therapy possibilities for hepatic inflammation.
By interfering with the immune response, more evidence was provided for the
relevant role of oxLDL in NASH. Oxidation structurally modifies the LDL particle,
whereby the phosphorylcholine (PC) headgroup, one of the so‐called oxidation‐
specific epitopes, can be found on the outer surface.71 Oxidation‐specific epitopes are
viewed as damage associated molecular patterns (DAMPs) and therefore serve as
ligands for immune recognition.72 Since these PC epitopes are also present on the
capsular polysaccharide cell wall of Streptococcus pneumoniae,73 cross reactivity exists
between PC epitopes from oxLDL and this bacterium. Therefore, a protective effect
against NASH upon active immunization with heat‐inactivated S. pneumoniae in Ldlr‐/‐
mice was found. Immunized mice fed a high fat cholesterol diet showed less foamy
KCs, decreased hepatic inflammation and reduced cholesterol crystals inside
lysosomes of KCs compared to mice without immunization.69 More importantly,
reduced inflammation was associated with lower cholesterol oxidation and an
increase of IgM autoantibody levels against modified LDL in plasma.59 These data
strongly suggest that anti‐oxLDL antibodies of the IgM subtype are protective against
steatohepatitis (Figure 2.2), supporting our hypothesis that oxLDL plays an important
role in the development of NASH.

Crosstalk between KCs and other cell types in the liver
Activation of KCs leads to a rapid release of a wide range of inflammatory mediators
and signaling molecules such as cytokines, ROS, proteases and lipid mediators.74 One
of the stimuli that has been shown to activate macrophages and to increase pro‐
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inflammatory cytokines, is oxLDL.67 Other than oxLDL, different stimuli can activate
KCs, such as gut‐derived endotoxins 75 and damaged hepatocytes. For example, due to
intercellular communication between hepatocytes and KCs, hepatocyte stress and/or
injury results in the excretion of inflammatory mediators, which in turn activate KCs
hereby possibly inducing hepatic inflammation.76,77 Furthermore, a more advanced
stage, the engulfment of apoptotic hepatocytes by KCs promotes their activation and
could further contribute to hepatic inflammation.78
As discussed earlier, oxLDL trapping inside lysosomes triggers inflammation, most
likely due to its activation of KCs.
Once inflammation is elicited, KCs can further spread hepatic injury by amplification of
the inflammatory response through interactions with neighbouring hepatocytes,
sinusoidial endothelial cells (SECs) and hepatic stellate cells.77 Upon activation, KCs
primarily release TNF‐α and interleukins,79 hereby influencing hepatocyte function
and viability or indirectly by activating other cells, including SECs. Activation of SECs
can indirectly lead to neutrophil‐mediated damage to the hepatocytes or even cell
death.74 Additionally, inflammatory signaling initiated by KCs can be further amplified
by the secretion of chemokines, followed by recruitment of infiltrating macrophages
and neutrophils.80 KC‐derived TNF‐α contributes to elevated secretion of the
chemokine macrophage inflammatory protein 2 (MIP‐2) and monocyte chemotactic
protein 1 (MCP‐1), facilitating activation and infiltration of neutrophils and
macrophages into the liver.74,81 The hepatic accumulation of neutrophils in turn can
lead to hepatotoxicity.
In short, oxLDL is a harmful lipid that causes cellular injury and activation of
macrophages and endothelial cells particularly. OxLDL‐induced KC activation enhances
cytokine‐driven hepatocellular signaling pathways, hereby rendering KCs to further
augment inflammation through interaction with other cell types in the liver.

Oxidative stress
Oxidative stress, the primary risk factor for LDL oxidation, is believed to be a central
mechanism in the pathogenesis of NASH. Therefore, in mouse models as well as in
human studies, markers for oxidative stress were measured as potential surrogate
markers for NASH.
Neutrophils are a potent source of the oxidant‐generating enzyme myeloperoxidase
(MPO) and are abundantly present in the liver.82,83 In vitro data demonstrated that
uptake of MPO‐induced oxidation of LDL leads to foam cell formation.84 In line with
this finding, Rensen et al. detected increased MPO‐positive KCs in the livers of obese
NASH patients, which was accompanied by elevated plasma MPO levels.85
During oxidative modification of LDL, a diversity of reactive aldehydes on apoB lysine
residues are generated by decomposition of lipid peroxidation products, such as
4‐hydroxynonenal (HNE) and malondialdehyde (MDA).35 Whereas HNE has shown to
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contribute to foam cell formation, MDA modification of lysine residues contributes to
functional properties of oxLDL.86 Consistently, increased hepatic MDA and HNE levels
in rodent models for NASH were identified.47,87 Other pivotal contributors to oxidative
stress are microsomal cytochrome P450 enzymes, such as P450 2E1, which are mainly
located in the liver. Deletion of P450 CYP2E1 in mice resulted in less susceptibility for
NASH, decreased oxidized proteins as well as MDA and HNE levels, and protection
against insulin resistance compared to their wildtype littermates.88 While mouse
studies show straightforward results about the role of oxidative stress in NASH, less
outspoken data are represented by human studies. Koruk et al. demonstrated an
increase of serum MDA in patients with biopsy‐proven NASH, while the antioxidants
glutathione peroxidase and glutathione reductase showed no difference compared to
the control group.89 Moreover, an increase of serum thioredoxin, thiobarbituric acid
reactive substances (TBARS) and plasma oxLDL was detected in NASH patients in
comparison to control subjects.90,91 Although the data was statistically significant, a
small sample size was used and there were large standard deviations between the
groups, considering these studies as being underpowered. Additionally, cohorts were
poorly controlled regarding overlapping risk factors for NASH, such as the MetS
and/or diabetes. Yet, although a small cohort was used, increased hepatic CYP2E1
activity in non‐diabetic NASH patients was demonstrated compared to BMI‐matched
controls.92 Evidence implicates other pro‐oxidant enzymes, such as 15‐lipoxygenase
and ceruloplasmin, to be involved in the oxidation of LDL.93,94 Therefore, clinical data
showed in parallel to the progression of NASH, a concomitant increase of enzymatic
sources for ROS during hepatic inflammation.15,95 Of note, the changes observed in
ceruloplasmin levels and P450 liver enzymes are not related to NASH specifically, but
also to other aspects of the MetS, including obesity and diabetes mellitus.
In general, most of the human studies presented in this paragraph do not show a
causal link between oxidative stress and NASH.

Anti‐oxidants
Oxidative stress represents an oxidant/anti‐oxidant imbalance, which is shifted
towards greater oxidant activity and/or decreased anti‐oxidant levels. Enzymatic and
non‐enzymatic anti‐oxidant defense mechanisms play a role in protecting lipids, such
as LDL from oxidation. Observations described above clearly indicate a pro‐oxidant
state for NASH patients, suggesting there is a diminished anti‐oxidant defense status
in this population. Indeed, a diversity of anti‐oxidant enzymes was found to be
reduced in the plasma of NASH patients.89,96 Moreover, total anti‐oxidant capacity and
anti‐oxidant enzymes were specifically decreased in the livers of patients with
steatohepatitis compared to healthy controls.97 Consistent with a decreased activity of
anti‐oxidant enzymes, non‐enzymatic anti‐oxidants such as glutathione content and
vitamin E were also diminished in NASH subjects.97,98 In parallel with the disease
progression of human NAFLD, a decline of glutathione transferase enzyme activity was
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detected in liver specimens.99 In striking contrast, extreme low anti‐oxidant levels
alleviated the progression towards NASH, as observed in glutathione‐deficient mice,
implicating the activation of a protective compensatory mechanism under severe low
anti‐oxidant conditions.100 Altogether, NASH patients reflect a pro‐oxidant state and a
reduced anti‐oxidant capacity, implying limited ability to counteract oxidation. Thus,
these data point towards an important role for oxidation, most likely of LDL, in the
development of NASH. However, the decreased level of anti‐oxidants as observed in
NASH subjects could also be a consequence of other related disorders or risk factors,
such as the MetS, obesity and diabetes mellitus.

Clinical implications
At present, the most accurate diagnostic tool to determine NASH is the histological
assessment of a liver biopsy. Due to its invasive procedure, patients experience
discomfort and there is a risk for complications (0.06‐0.32%), including pain,
hemorrhage, bile peritonitis and pneumothorax.101 The existing non‐invasive
biomarkers for NASH used in the clinic, i.e. transaminases (ALT, AST), alkaline
phosphatase (ALP) and gamma‐glutamyl‐transpeptidase (GGT) lack specificity and
sensitivity to distinguish NASH from steatosis and have been reported as unreliable.102
Instead of inflammation, these plasma liver enzymes represent liver damage, of which
a novel potential biomarker, plasma cytokeratin 18, is a marker specifically for
hepatocyte apoptosis.103 Concerning therapeutics against NASH, there is no proven
effective treatment available that specifically reduces hepatic inflammation. Although
not all patients fit the following description, NASH patients typically meet the criteria
for the MetS, i.e. being obese, insulin resistant and hyperlipidemic.104 Therefore, the
most adequate recommendation for reducing hepatic inflammation focuses on
lifestyle alterations, such as changing nutritional habits and increasing physical
activity.104 Additional to lifestyle modifications, pharmacological interventions against
NASH target hyperlipidemia, insulin resistance and oxidative stress and are therefore
similar to that of the MetS. Altogether, non‐invasive tests are warranted to diagnose
NASH at early stages of the disease process, to allow opportunities to prevent further
progression towards severe and irreversible liver damage, such as fibrosis and
cirrhosis. Moreover, there is a need for novel and safe therapeutic strategies against
NASH that lead to a pronounced reduction in hepatic inflammation.

Plasma oxLDL
Higher circulating oxLDL levels were detected in CVD patients compared to healthy
subjects.105 Generally, the important role of plasma oxLDL has been reviewed
extensively for atherosclerosis.26,35 In line, Binder et al. have shown to reduce
atherosclerosis by inducing protective plasma anti‐oxLDL antibodies in mice.106
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Similarly, we have recently shown that these antibodies are also effective against
NASH.69 Thus, these data point towards oxLDL as a potential target for the prevention
of both atherosclerosis and NASH. However, clinical studies are at their infancy and
comparative studies of testing various assays to monitor oxLDL are needed to assess
which assays have enhanced clinicaly utility for detecting CVD and NASH. So far, none
of the tested assays are approved for routine clinical use.29
As for diagnosis, oxLDL is not used as a marker to detect atherosclerosis. Similarly,
while we found an association between antibodies against oxLDL and NASH, there is
no sufficient evidence to suggest that plasma oxLDL can be used as a non‐invasive
marker to detect hepatic inflammation. To evaluate the prognostic value of plasma
oxLDL for the detection of NASH, several bigger cohort studies are necessary.

Anti‐oxLDL antibodies
The finding that oxidation‐specific epitopes are not merely present on oxLDL, but also
on apoptotic cells,107 reflects the link between oxLDL and tissue damage. Therefore,
anti‐oxLDL antibodies have been shown to be predictors of inflammatory diseases,
such as atherosclerosis and CVD.108,109 In line with these findings, we have found that
plasma IgM anti‐oxLDL antibodies correlate negatively with hepatic inflammation in
mice.69 In this view, anti‐oxLDL antibodies can potentially be used as a diagnostic tool
for the detection of NASH. However, it is important to note that the amount of anti‐
oxLDL antibodies may differ naturally between people and can vary over time.110,111
Additionally, molecular mimicry exists between oxidation‐specific epitopes of oxLDL
and epitopes located on infectious agents, suggesting that exposure to pathogens
influences the production of anti‐oxLDL antibodies.110 This argument may not be
beneficial for the use of anti‐oxLDL antibodies for the diagnosis of NASH, yet it opens
up promising therapeutic strategies against liver inflammation. Boosting the
production of anti‐oxLDL antibodies via immunization approaches ameliorated
atherosclerosis.106,112 Since atherosclerosis shares features with NASH, i.e. foam cell
formation and inflammation, these immunization approaches hold promise as a
treatment against NASH and should be tested clinically in the future.

Cholesterol lowering medication
NASH patients commonly represent hypertriglyceridemia and hypercholesterolemia,
suggesting that NASH is strongly associated with hyperlipidemia.113 Therefore, lipid‐
lowering agents, such as polyunsaturated fatty acids (PUFAs), fibrates and statins have
been tested in patients with NASH. Recent work reported a positive effect of PUFAs
on lobular inflammation and ballooning of the liver in mice, as well as in human NASH,
although the human study lacked a control group.114,115 Therefore, it has been
proposed that randomized controlled trials of adequate size are needed in the future
to propose such PUFA treatment to NASH patients.2
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The use of fibrates, which are ligands for the peroxisome proliferator‐activated
receptor, and statins are still controversial. Fenofibrate administered to mice has been
shown to ameliorate hepatic inflammation, while human studies demonstrated no
difference in plasma liver enzymes or without changes in histological endpoints for
NASH.116‐118 Statin therapy was investigated by human pilot studies, but only in a
limited number of patients.119‐121 Short‐term outcomes show promising results on liver
inflammation, as proven by serum aminotransferase activities and liver
histology.119‐121 In addition to their anti‐inflammatory properties, statins are generally
targeted at lowering lipids. Interestingly, patients who received statins even
demonstrated reduced oxLDL, which could be relevant for NASH patients with
increased plasma oxLDL levels.122 Still, statin‐treated NAFLD patients developed
advanced fibrosis based on liver histology after a long‐term follow‐up period.119,123 In
conclusion, the beneficial effects of statins and fibrates on NASH are still debatable,
due to clear limitations to monitor NASH. While some human studies use unspecific
plasma liver enzymes, other studies assess liver histology for the development of
NASH. Furthermore, there is a clear lack in repeated measurements to monitor NASH
progression. Moreover, the difference in beneficial outcome after statin therapy could
be explained by the fact that statins are directed at lipid lowering in general and are
not directly related to oxLDL. Therefore, future adequate and well‐designed human
intervention studies examining the effect of statins or fibrates on NAFLD/NASH should
be conducted. To monitor long‐term statin or fibrate therapy on the development of
NASH in human studies, liver histology assessment is critical.

Anti‐oxidant therapy
A pivotal contributor to the pathophysiology of NASH includes oxidative stress. As pro‐
oxidant activity is paralleled with oxidation of lipids, including LDL, anti‐oxidants have
the potential to treat NASH. Promising results were obtained during a clinical trial
where non‐diabetic NASH patients were randomly assigned to receive the anti‐
oxidant, vitamin E, or placebo for 96 weeks. Vitamin E treatment improved individual
features of NASH, such as lobular inflammation and hepatocellular ballooning, as well
as the overall NAFLD activity score.124 A similar positive outcome on the NASH
phenotype was demonstrated in a clinical trial where NASH patients received the anti‐
oxidant pentoxifylline.125 Vitamin E has been shown to inhibit CD36‐mediated uptake
of oxLDL, hereby preventing foam cell formation, whereas pentoxifylline reduced
oxLDL‐induced leukocyte adhesion to the endothelium and downregulated the
integrin receptor CD11b/CD18.43,126 Additional clinical studies could not attribute a
favorable effect to vitamin E and pentoxifylline treatment in the development of
NASH.127,128 Nevertheless, this could be due to the variable disease course of
NAFLD/NASH, sampling error during liver biopsy129 and the use of plasma
transaminases as a non‐specific predictor for NASH.102 Although further investigations
are needed, other anti‐oxidants have also shown to be effective against NASH and
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include ursodeoxycholic acid with or without vitamin E,130,131 betaine and other
dietary supplements.87,132‐134 In summary, anti‐oxidant therapy, either via
supplementation of anti‐oxidants or agents that increase the generation of anti‐
oxidant enzymes, seems to be effective in reducing NASH. Even though anti‐oxidant
therapy counteracts oxidative stress and thereby inflammation, anti‐oxidants might
serve as a useful adjunct therapy to support targeted therapies.

2
Concluding remarks
A number of studies demonstrated a close relationship between the MetS and
increased plasma oxLDL levels. In recent years, a greater amount of evidence
therefore linked oxLDL with the pathogenesis of NASH, the hepatic manifestation of
the MetS. Already for a long time, it has been known that oxLDL is cytotoxic and
induces cellular damage. However, until recently, oxLDL has also been found to exert
its harmful effects on KCs, followed by KC‐derived interplay with other hepatic cells.
The reviewed data suggest for the first time that oxLDL is an important trigger for
NASH development. Since cholesterol and its oxidized form play a crucial role in the
progression of NAFLD, most therapeutic strategies against NASH should aim at
lowering plasma cholesterol, prevention of (oxidized) cholesterol uptake by
macrophages and enhancement of the whole‐body anti‐oxidant status. The finding
that NASH can be viewed as an acquired lysosomal storage disorder has significant
implications for the development of novel therapeutics against liver inflammation.
Higher oxLDL levels in the plasma do not necessarily discriminate NASH from its
overlapping risk factors, obesity, diabetes or atherosclerosis. On the one hand,
lowering plasma oxLDL has therefore additional beneficial effects on metabolic
related disorders. On the other hand such an overlap puts the diagnostic value of
plasma oxLDL, and its specificity to detect NASH, at risk. Therefore, we suggest that
studies in mice and large human cohorts should be used in the future to test the
clinical utility of plasma oxLDL as a non‐invasive marker for NASH. All in all, these
diagnostic and therapeutic strategies provide a basis for the amelioration of NASH and
related metabolic risk factors that can lead to CVD, diabetes mellitus and its
associated complications.
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Abstract

3

Background and aims
Non‐alcoholic steatohepatitis (NASH) is characterized by steatosis and inflammation. The
transition from steatosis towards NASH represents a key step in pathogenesis, as it will set the
stage for further liver damage. Under normal conditions, lipoproteins that are endocytosed by
Kupffer cells (KCs) are easily transferred from the lysosomes into the cytoplasm. Oxidized LDL
(oxLDL) that is taken up by macrophages in vitro is trapped within the lysosomes, while
acetylated LDL (acLDL) is leading to normal lysosomal hydrolysis, resulting in cytoplasmic
storage. We have recently demonstrated that hepatic inflammation is correlated with lysosomal
trapping of lipids. So far, a link between lysosomal trapping of oxLDL and inflammation was not
established. We hypothesized that lysosomal trapping of oxLDL in KCs will lead to hepatic
inflammation.
Methods
‐/‐
Ldlr mice were injected with LDL, acLDL and oxLDL and sacrificed after 2, 6 and 24 hours.
Results
Electron microscopy of KCs demonstrated that after oxLDL injection, small lipid inclusions were
present inside the lysosomes after all time points and were mostly pronounced after 6 and
24 hours. In contrast, no lipid inclusions were present inside after LDL or acLDL injection.
Hepatic expression of several inflammatory genes and scavenger receptors was higher after
oxLDL injections compared to LDL or acLDL.
Conclusions
These data suggest that trapping of oxLDL inside lysosomes of KCs in vivo is causally linked to
increased hepatic inflammatory gene expression. Our novel observations provide new bases for
the prevention and treatment of NASH.
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Introduction
Non‐alcoholic fatty liver disease (NAFLD) is a condition ranging from benign lipid
accumulation in the liver (steatosis) to steatosis combined with inflammation. The
latter is referred to as non‐alcoholic steatohepatitis (NASH) and is viewed as the
hepatic event of the metabolic syndrome. As obesity and insulin resistance reach
epidemic proportions in industrialized countries, the prevalence of NASH is increasing
and is therefore considered a major health hazard. Although steatosis alone is
considered as the less aggressive stage of NAFLD, inflammation represents a key step
in the pathogenesis of NASH, thereby setting the stage for further liver damage
including fibrosis, cirrhosis and liver cancer.1 Currently, the mechanisms by which
inflammation develops are poorly understood and therapy options are very poor.
Recent studies point strongly towards the importance of Kupffer cells (KCs), the
resident macrophages of the liver, in triggering hepatic inflammation.2 In line with this
view, we demonstrated the correlation between hepatic inflammation and the
appearance of foamy KCs, analogous to foamy macrophages in atherosclerosis.3 Such
cholesterol‐loaded foamy macrophages are formed by the uptake of oxidized
cholesterol‐rich low density lipoproteins (oxLDL) via scavenger receptors.4 Uptake of
oxLDL by macrophages in vitro is shown to be resistant to rapid endolysosomal
hydrolysis and is trapped within the lysosomes, while acetylated LDL (acLDL) is leading
to normal lysosomal hydrolysis, resulting in cytoplasmic storage of cholesteryl
esters.5,6 We have previously shown that hematopoietic deletion of CD36 and SR‐A,
two main scavenger receptors for the uptake of oxLDL, sets off a cascade of pro‐
inflammatory events leading to the initiation of the inflammatory response in the
liver.7 Moreover, the reduced inflammatory response was associated with less
lysosomal cholesterol accumulation inside KCs.8,9 However, a causal link between
lysosomal cholesterol accumulation in KCs and hepatic inflammation has not yet been
established. In the current manuscript, we hypothesize that lysosomal trapping of
oxLDL in KCs leads to hepatic inflammation.
To investigate whether oxLDL can directly affect hepatic inflammation in vivo, Ldlr‐/‐
mice were injected with a bolus of oxLDL and sacrificed after 2, 6 and 24 hours of
injection. Injections with PBS, LDL and acLDL were used as controls. After oxLDL
injection, we found that lysosomal trapping of oxLDL was correlated with elevated
expression of hepatic inflammatory genes. These data suggest a causal relationship
between oxLDL and hepatic inflammation and provide new bases for the prevention
and treatment of NASH.
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Materials and methods
Mice

3

Mice were housed under standard conditions and given free access to food and water.
Experiments were performed according to Dutch regulations and approved by the
Committee for Animal Welfare of Maastricht University. Twelve‐week‐old female LDL
receptor knockout mice were injected in the tail vein with a bolus of human LDL,
oxLDL or acetylated LDL (acLDL) (200µg for each) (Intracel, Frederick, USA) and
sacrificed after 2, 6 and 24 hours of injection (n=8 per group). The control group was
injected with PBS. The mice were sacrificed by cervical dislocation. Tissues were then
isolated and snap‐frozen in liquid nitrogen and stored at ‐80°C.

RNA isolation and quantitative PCR
RNA isolation and cDNA synthesis were performed as described previously.3,7 All
applications were performed according to the manufacturers’ protocols. For each
gene, a standard curve was generated with a serial dilution of a liver cDNA pool. To
standardize for the amount of cDNA, Cyclophillin A (Ppia) was used as the reference
gene. Primer sets for the selected genes were developed with Primer Express version
2.0 (Applied Biosystems, Foster City, CA, USA) using default settings. Primer
sequences were as followed: Ppia forward 5’‐TTCCTCCTTTCACAGAATTATTCCA; Ppia
reverse 3’‐CCGCCAGTGCCATTATGG; Tnf forward 5’‐CATCTTCTCAAAATTCGAGTGACAA;
Tnf
reverse
3’‐TGGGAGTAGACAAGGTACAACCC;
Saa‐1
forward
5’
GGCTGCTGAGAAAATCAGTGATG; Saa‐1 reverse 3’‐TCAGCAATGGTGTCCTCATGTC; Tlr‐4
forward 5’‐TATCCAGGTGTGAAATTGAAACAATT; Tlr‐4 reverse 3’‐GGGTTTCCTGTCAGT‐
ATCAAGTTTG; Icam forward 5’‐CTACCATCACCGTGTATTCGTTTC; Icam reverse 3’‐
CGGTGCTCCACCATCCA; Hmox forward 5’‐ CCGCCTTCCTGCTCAACAT; Hmox reverse 3’‐
ATCTGTGAGGGACTCTGGTCTTTG; Cd36 forward 5’‐ GCCAAGCTATTGCGACATGA; Cd36
reverse 3’‐AAAAGAATCTCAATGTCCGAGACTTT; Sr‐a forward 5’‐CATACAGAAACACT‐
GCATGTCAGAGT; Sr‐A reverse 3’‐TTCTGCTGATACTTTGTACACACGTT. Data from qPCR
was analyzed according to the relative standard curve method.

Liver histology
A detailed overview about liver histology was described previously.7 In brief, frozen
liver sections (7 µm) were fixed in acetone and stained with rat‐anti‐mouse Mac1
(M1/70) (generous gifts from Prof. Kraal, Free University, Amsterdam, the
Netherlands). Immune cells were counted in six microscopically views (magnification
200x) and were noted as cells/mm². Pictures were taken with a Nikon DMX1200
digital camera and ACT‐1 version 2.63 software (Nikon Instruments Europe,
Amstelveen, the Netherlands).
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Electron microscopy
Livers were freshly isolated from the mice and perfused and fixed overnight with 2.5%
glutaraldehyde (Ted Pella, Redding, CA, USA). Tissue fragments were washed and
post‐fixed in 1% osmium tetroxide. Tissues were subsequently dehydrated through
100% ethanol, cleared with propylene oxide, and embedded in epoxy resin. Next,
sections of 70‐90 nm were cut on an ultra‐microtome, mounted on Formvar‐coated
(1595E, Merck) 75‐mesh copper grids and counterstained with uranyl acetate and lead
citrate before analysis on a Philips CM100 transmission electron microscope.

Statistics

3

Data were analyzed using Graphpad Prism 4.0.3 software. Groups were compared
using the unpaired t‐test. The data were expressed as the mean and standard error of
the mean and were considered significantly different at * p<0.05; ** p<0.01; or
*** p<0.001.

Results
The injected oxLDL is trapped inside lysosomes of Kupffer cells
The direct role of oxLDL in hepatic inflammation was investigated by intravenous
injection of oxLDL in Ldlr‐/‐ mice. Normal LDL, acLDL and PBS were used as control.
Electron microscopy was performed to explore the intracellular distribution of oxLDL,
LDL and acLDL inside KCs (Figure 3.1A‐C). After oxLDL injection, small lipid inclusions
were present inside the lysosomes of KCs in all time points and were mostly
pronounced after 6 and 24h of oxLDL injection (Figure 3.1A). LDL could not be
detected inside the KCs after all time points (Figure 3.1B), while acLDL was mainly
located inside the endothelial cells of the liver after 2 and 6 hours of injection (Figure
3.1D), instead of in KCs (Figure 3.1C). Altogether, these data demonstrate that oxLDL
is trapped inside lysosomes of KCs in vivo.

Hepatic inflammation is increased after oxLDL injection
After 24 hours of injection, hepatic gene expression of the inflammatory markers
tumor necrosis factor alpha (Tnf‐α), serum amyloid A1 (Saa‐1), toll‐like receptor 4
(Tlr‐4) and intracellular adhesion molecule‐1 (Icam‐1) was significantly higher in mice
that received a bolus of oxLDL compared to acLDL (Figure 3.2). The expression of Tnf‐α
and Saa‐1 of oxLDL‐injected mice was also higher than LDL‐injected mice after 24h.
Moreover, Icam‐1 was already significantly increased after 2h of oxLDL injection
compared with LDL and acLDL. The anti‐oxidant heme oxygenase 1 (Hmox‐1) was also
higher after 24h of oxLDL injection compared with LDL and acLDL. Infiltration of
monocytes/macrophages and neutrophils (Cd11b staining) was not different between
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the groups, which is in line with the unchanged mRNA expression of Integrin alpha‐M
(Itgam) (Supplemental Figure S3.1). Together, these data demonstrate that the
inflammatory gene expression in liver is increased after oxLDL injection compared
with LDL and acLDL.

A

B

C

D

3

Figure 3.1

Electron microscopy after acLDL, oxLDL and LDL injections. (A‐C) Representative electron
microscopy pictures of Kupffer cells 24h after oxLDL, LDL and acLDL injections respectively.
(D) Representative electron microscopy picture of an endothelial cell 2h after acLDL injection.
OxLDL inside lysosomes of KCs is indicated by solid arrows, acLDL inside endothelial cells by
broken arrows.

Next, mRNA expression of the two main scavenger receptors CD36 and SR‐A was
performed to explore their response upon oxLDL injection. After 24h of oxLDL
injection, expression of Cd36 was significantly increased compared with LDL and
acLDL, while expression of Sr‐a was increased compared with acLDL. However, after 2
and 6h of LDL injection, expression of Sr‐a was increased compared with oxLDL
injection (Figure 3.2). Altogether, these data demonstrate that both scavenger
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receptors CD36 and SR‐A are involved in the inflammatory response upon oxLDL
administration in vivo (Figure 3.3).
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Figure 3.2

Hepatic gene expression after acLDL, oxLDL and LDL injections. Gene expression analysis by
qPCR of tumor necrosis factor alpha (Tnf‐α), serum amyloid A1 (Saa‐1), toll‐like receptor 4
(Tlr‐4), intracellular adhesion molecule‐1 (Icam‐1), heme oxygenase 1 (Hmox‐1) and scavenger
receptors Cd36 and Sr‐a. Gene expression data are shown relative to the control‐injected
group. * indicates p<0.05, ** p<0.01 and *** p<0.001.

Figure 3.3

Uptake of modified lipoproteins by Kupffer cells (KCs). Under normal conditions, circulating
cholesterol is taken up by KCs and initially directed to lysosomes. After hydrolyzation by
lysosomal enzymes, free cholesterol is transferred into the cytoplasm. There, free cholesterol
can be converted into cholesterol esters, or excreted from the cell by efflux mechanisms.
Oxidized LDL (oxLDL) can be taken up by scavenger receptors CD36 and SR‐A on the KCs.
OxLDL is then directed to the lysosomes of the KCs, where it will accumulate via unknown
mechanisms. Therefore, oxLDL cannot be converted into free cholesterol and will be trapped
inside the lysosomes, triggering an inflammatory response.
49

Chapter 3

Discussion

3

This study demonstrates for the first time the in vivo effects of oxLDL on hepatic
inflammatory gene expression. We have previously shown the association between
lysosomal trapping of oxLDL and inflammation. However, a causal link was never
established. In the current manuscript, we investigated the specific effect of oxLDL on
the development of hepatic inflammation. While injection of normal LDL or acLDL was
not associated with lysosomal trapping or inflammation, we demonstrated for the
first time that in a mouse model of NASH, oxLDL is trapped within the lysosomes of
KCs and is associated with an inflammatory response. These data provide new bases
for the prevention and treatment of NASH.
Oxidative modification of LDL transforms LDL to a pro‐inflammatory, immunogenic
and cytotoxic oxLDL that is generally held as a key component in the development of
atherosclerotic foam cells.10 Oxidation of LDL has been found to take place in the
arterial wall11 and in plasma.12 By functioning as a scavenger organ for circulating
oxLDL, the liver reduces the harmful effects of oxLDL in other tissues.13 However,
there is some evidence that high levels of circulating oxLDL can impair the function of
the liver itself14, and when injected into the general circulation of mice, oxLDL can
induce several pathophysiological events in the hepatic sinusoids.15 Although these
findings support the idea that oxLDL is very harmful for the liver, the authors did not
investigate the link with lysosomal cholesterol accumulation.
The clearance of native LDL from serum proceeds at a low rate.13 When LDL is oxidized
or acetylated and injected into rats, this leads to a markedly increased removal from
the blood circulation paralleled with an increased uptake in the liver.13 The KC uptake
of oxLDL 10 min after injection is much higher than for acLDL, leading to KCs as the
main liver site for oxLDL uptake.13 Furthermore, oxLDL that is taken up by
macrophages in vitro is trapped within the lysosomes, while acLDL is leading to normal
lysosomal hydrolysis, resulting in cytoplasmic storage of cholesteryl esters.5,6
Therefore, although acLDL is not naturally present in vivo, we have used it in the
current experiment as a control for lysosomal cholesterol accumulation achieved by
oxLDL. We demonstrated that the injected oxLDL is trapped inside lysosomes of KCs,
while acLDL is not present in the cytoplasm of KCs, but is mainly found in the
endothelial cells of the liver. These data are also in agreement with previous
observations in literature, demonstrating that acLDL is mainly taken up by the
endothelial cells in the liver, and not by KCs.13,16 It has been suggested that unlike
acLDL, uptake of oxLDL by macrophages leads to impaired lysosomal degradation,17
and thereby expansion of and a decrease in the density of the lysosomal
compartments in macrophages.18 In the current manuscript, we show for the first
time that accumulation of oxLDL inside lysosomes of KCs can also trigger an
inflammatory response. Although the hepatic inflammatory gene expression was
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already affected after several hours of oxLDL injection, infiltration of inflammatory
cells in the liver (CD11b staining) was not observed. This lack of inflammatory cell
infiltration is probably related to the rapid clearance of oxLDL from the circulation13,
and therefore we could only observe changes in the inflammatory gene expression
upon injections as this is rapidly influenced. These data are also in line with our
expectations, as the accumulation of oxLDL inside the lysosomes will first lead to
activation of the KCs, which in turn will lead to a rapid release of a wide range of
inflammatory mediators and signalling molecules for the attraction of inflammatory
cells.19
The two main macrophage scavenger receptors responsible for binding and
internalization of oxLDL, namely CD36 and SR‐A, showed elevated hepatic mRNA
expression upon oxLDL injection. These data are also in line with previous reports on
the effect of oxLDL on scavenger receptors, where functional expression of CD36 and
SR‐A was increased in macrophages upon oxLDL loading.20,21 We have previously
demonstrated that both the scavenger receptors are involved in lysosomal trapping of
oxLDL.9 When oxLDL is trapped inside lysosomes because of impaired cholesteryl ester
hydrolysis or a change in the acidic pH of lysosomes22, it has the potential to damage
lysosomal membranes.23 Endocytosed oxLDL particles partially inactivate lysosomal
enzymes and cause relocation of these enzymes to the cytosol24, as well as activation
of the NLRP3 inflammasome.25‐27 Moreover, when there are high levels of circulating
oxLDL, as observed in foamy macrophages found in inflamed atherosclerotic plaques,
cholesterol is not transferred into the cytoplasm but rather accumulates inside
lysosomes.22,28,29 Several lines of evidence also indicate a strong association between
lysosomal cholesterol accumulation and inflammation.23,25,27,30,31 Our current study is
the first one to provide a causal relationship between lysosomal oxLDL trapping and
elevation of hepatic inflammatory gene expression in the context of NASH.
Taken altogether, our novel observations point towards the link between lysosomal
oxLDL accumulation inside KCs and hepatic inflammatory gene expression. Therefore,
inhibition of oxLDL itself or the redirection of lysosomal cholesterol accumulation can
provide a new basis for the prevention and treatment of NASH.
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Abstract
Background and aims
Recently, the importance of lysosomes within the metabolic syndrome, including fatty liver
disease, is gaining increasing attention. It has been suggested that macrophages during
atherosclerosis as well as Kupffer cells (KCs) during hepatic inflammation demonstrate
properties of an acquired lysosomal storage disorder (LSD). So far, it is unclear whether there is
a causal relationship between lysosomal cholesterol accumulation (LCA) in KCs and hepatic
inflammation. Additionally, the specific contribution of the oxidized LDL (oxLDL) fraction to LCA,
its concomitant effect on lysosomal function, and on hepatic inflammation is unexplored.

4

Methods
‐/‐
Irradiated low‐density lipoprotein receptor knockout (Ldlr ) mice were transplanted (‐tp) with
mut
bone marrow from mutant Niemann‐pick type C1 (Npc1 ) mice, i.e. these mice develop LCA,
and bone marrow from control wildtype (Wt) mice and fed a high‐fat diet. To induce high levels
mut
of anti‐oxidized low‐density lipoprotein (anti‐oxLDL) antibodies, Npc1 ‐tp mice were
immunized every two weeks with heat‐inactivated pneumococci until the end of the
experiment.
Results
mut
Compared to Wt, NPC1 ‐tp mice displayed severe hepatic inflammation and fibrosis. Thus,
LCA in KCs is a trigger for hepatic inflammation. Next, we demonstrated that by elevating the
levels of anti‐oxLDL antibodies, the cholesterol metabolism, lysosomal dysfunction and liver
inflammation were improved.
Conclusions
This study provides evidence for a direct causal link between LCA and hepatic inflammation in
KCs with a specific role for oxLDL.
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Introduction
Hepatic steatosis (excessive lipid accumulation), non‐alcoholic steatohepatitis (NASH
or hepatic inflammation) as well as irreversible fibrosis and cirrhosis, are liver
conditions all referred to as non‐alcoholic fatty liver disease (NAFLD). In 2011, the
prevalence of NASH was estimated to be approximately 29% in a group of ultrasound
positive patients of a general population.1 Since NASH sets the stage for further
progress into chronic liver damage, it is important to understand the mechanisms that
trigger this inflammatory response.2 Therefore, better understanding of the
mechanisms that lead to hepatic inflammation is required, as this may help to identify
novel treatment strategies against this disease.
In recent years it has begun to emerge that lysosomes, apart from their main function
as the cell’s ‘suicidal bag’, play a significant role in many human diseases including
cancer3 and various inflammatory diseases.4 Increasing evidence from our group and
others has shown that atherosclerosis and NASH demonstrate properties of an
acquired lysosomal storage disorder (LSD) and share disease mechanisms.5‐9 This
observation was recently confirmed by the presence of cholesterol‐containing Kupffer
cells (KCs) in livers of NASH patients.10 Due to excessive lysosomal accumulation of
cholesterol, LSDs are characterized by prominent lysosomal abnormalities, ranging
from disturbed intracellular trafficking11, lysosomal enzyme deficiencies12 and changes
in lysosomal pH.13 Thus, it becomes evident that lysosomal abnormalities are not
limited to LSDs, such as Niemann‐Pick disease type C1 (NPC1) only, but can also be
linked to other inflammatory diseases, including atherosclerosis and NASH.
Previous studies demonstrated a strong association between lysosomal cholesterol
accumulation and inflammation.14‐16 Furthermore, unlike acetylated LDL (acLDL) and
native LDL, it is specifically the oxidized LDL (oxLDL) fraction that tends to accumulate
inside lysosomes of macrophages.8,17‐19 So far, a direct causal relationship between
lysosomal cholesterol accumulation in KCs and hepatic inflammation has never been
investigated. In particular, the specific contribution of the oxLDL fraction to lysosomal
function and hepatic inflammation is unexplored.
To investigate the causal relationship between lysosomal cholesterol accumulation in
Kupffer cells and hepatic inflammation, we used NPC1 mutant mice as a tool to induce
lysosomal cholesterol accumulation in hematopoietic cells. Bone marrow from
wildtype (Wt) and NPC1 mutant (Npc1mut) mice were transplanted (‐tp) into Ldlr‐/‐
acceptor mice and were put on a high‐fat, high‐cholesterol (HFC) diet for 12 weeks. By
comparing Wt‐tp and Npc1mut‐tp mice, we demonstrated for the first time that
increased lysosomal cholesterol accumulation is a trigger for lysosomal malfunction
inside KCs, hepatic inflammation and fibrosis. To examine the specific contribution of
oxLDL to lysosomal function and hepatic inflammation, we reduced the oxLDL levels in
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plasma. Lowering plasma oxLDL was accomplished through elevation of anti‐oxLDL
antibodies by injecting Npc1mut‐tp with heat‐inactivated pneumococci starting four
weeks before the start of the HFC diet until the end of the experiment. As a control,
Wt‐tp and Npc1mut‐tp mice were injected with vehicle. We demonstrated that by
elevating the levels of anti‐oxLDL antibodies, the cholesterol metabolism, lysosomal
dysfunction and liver inflammation were improved. Instead of total cholesterol, these
data show that it is oxLDL in particular that is significantly involved in lysosomal
dysfunction, foamy macrophage appearance and hepatic inflammation. Additionally,
our data suggest a shared disease mechanism between LSDs and NASH.

Materials and methods

4

Preparation immunogen
For immunization, the heat‐inactivated R36A strain of Streptococcus pneumoniae
(Birmingham, Alabama) was used, still bearing the PC headgroup epitope similar to
oxLDL. Colonies of the R36A strain were harvested at mid log phase after incubation
at 37°C on blood agar plates and transferred to Todd‐Hewitt plus 0.5% yeast broth.
The mid log phase is characterized by an OD value of 0.425 to 0.45 at 600 nm.
S. pneumoniae was heat‐inactivated at 60°C for 30 minutes; afterwards no colonies of
this suspension were detected on blood agar plates. For freezer stocks of strain R36A,
small aliquots of S. pneumoniae at mid log density were harvested and suspended in
Todd‐Hewitt plus 80% sterile glycerol and stored at −80°C.8,20

Mice, bone marrow transplantation, immunization, and diet
Niemann‐Pick type C1m1N mutant (Npc1mut) mice on a C57Bl/6 background (a kind gift
from Prof. Dr. Lieberman from University of Michigan Medical School) and Ldlr‐/‐ mice
were housed under standard conditions and had access to food and water ad libitum.
Experiments were performed according to Dutch regulations and approved by the
Committee for Animal Welfare of Maastricht University. Twenty‐two week old female
Ldlr‐/‐ mice were lethally irradiated and transplanted with either wildtype or Npc1mut
bone marrow. Five weeks after bone marrow transplantation, mice were divided into
three groups (n=11 for each group) and the immunization protocol started whereby
mice received the equivalent of 108 colony‐forming units of heat‐killed R36A
emulsified in 200 µl sterile 0.9% NaCl for the primary subcutaneous immunization.
Subsequently, two intraperitoneal booster immunizations were administered every
two weeks. Control groups received a 0.9% NaCl injection only. After four weeks of
immunization, all mice were given an HFC diet for twelve weeks, containing 21%
butter and 0.2% cholesterol (diet 1635; Scientific Animal Food and Engineering,
Villemoisson‐sur‐Orge, France). From the start of the diet, intraperitoneal booster
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immunizations were administered every three weeks. Blood from the tail vein was
collected at the start of immunization and diet as well as at the end of the diet.
Subsequently, mice were sacrificed. Liver tissue was isolated and snap‐frozen in liquid
nitrogen and stored at ‐80°C or fixed in 4% formaldehyde/PBS.

Auto‐antibody titers against IgM
Specific antibody titers against modified LDL in plasma were determined as described
elsewhere.21‐22 Plasma was serially diluted and antibody binding was measured by
chemiluminescent enzyme‐linked immunosorbent assay. A titer was defined as the
reciprocal of the maximal dilution at which binding of the secondary antibody was
twice as high as the background binding.

Plasma lipid analysis
Plasma cholesterol levels were measured with an enzymatic color test (cholesterol
CHOD‐PAP; 1489232; Roche, Basel, Switzerland) according to the manufacturer's
protocols on a Benchmark 550 Micro‐plate Reader (170‐6750XTU; Bio‐Rad, Hercules,
CA).

Liver lipid analysis
Approximately 50 mg of frozen liver tissue was homogenized for 30 seconds at
5000 rpm in a closed tube with 1.0‐mm glass beads and 1.0 ml SET buffer (sucrose
250 mmol/l, EDTA 2 mmol/l, and Tris 10 mmol/l). Complete cell destruction was done
by 2 freeze‐thaw cycles and 3 times passing through a 27‐gauge syringe needle and a
final freeze‐thaw cycle. Protein content was measured with the bicinchoninic acid
(BCA) method (23225; Pierce, Rockford, IL). Liver cholesterol, triglyceride, campesterol
and sitosterol levels were quantified as described previously.23,24

Liver histology
Frozen liver sections (7 μm) were fixed in acetone and subsequently blocked for
endogenous peroxidase by incubation with 0.25% of 0.03% H2O2 for 5 minutes.
Primary antibodies used were against infiltrated macrophages and neutrophils (rat‐
anti‐mouse Mac‐1 [M1/70]) neutrophils (rat‐anti‐mouse Ly6‐C, clone NIMP‐R14)
(generous gift from Prof Heeringa, Groningen, The Netherlands), Kupffer cells (KCs)
(rat‐anti‐mouse CD68, clone FA11) (generous gift from Prof Gordon, Oxford, UK).
3‐Amino‐9 ethylcarbazole (AEC) (A85SK‐4200.S1; Bio‐connect, Huissen, The
Netherlands) was applied as color substrate and hematoxylin (4085.9002, Klinipath,
Duiven, The Netherlands) for nuclear counterstaining. Sections were enclosed with
Faramount aqueous mounting medium (S302580; DAKO, Glostrup, Denmark). For the
lipid staining, Oil Red O (O0625; Sigma‐Aldrich) was used.
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Paraffin‐embedded liver sections (4 μm) were stained with hematoxylin‐eosin (HE;
Hematoxilin, 4085.9002; Klinipath, Duiven, The Netherlands; and Eosin, E4382; Sigma‐
Aldrich) and Sirius red (Direct Red 80, 43665; Sigma‐Aldrich). Pictures were taken with
a Nikon digital camera DMX1200 and ACT‐1 v2.63 software (Nikon Instruments
Europe, Amstelveen, The Netherlands). Immune cells were counted in 6 microscopical
views (original magnification, 200×) and were noted as cells/square millimeter.

Acid phosphatase activity assay

4

Hepatic acid phosphatase activity was determined by the acid phosphatase assay kit
(10008051, Cayman Chemical Company, USA). Liver homogenates were diluted
20 times in assay buffer, and transferred to a 96‐well plate containing 20 µl assay
buffer. Next, 20 µl AP substrate solution was added to each well to initiate the
reaction. After 20 minutes incubation at 37°C, the reaction was stopped by adding
100µl of stop solution to all wells. The absorbance was measured using a Bio‐Rad
Benchmark 550 Micro‐plate reader at 405‐414 nm (Bio‐Rad, Hercules, CA, USA). The
activity was calculated as μmol/min/mol; 1 unit corresponds with the amount of acid
phosphatase required to release 1 μmol of phosphatase per minute at 37°C.

Electron microscopy
Livers were freshly isolated from the mice and perfused and fixed overnight with 2.5%
glutaraldehyde (Ted Pella, Redding, CA, USA). Tissue fragments were washed and post
fixed in 1% osmium tetroxide. Tissues were subsequently dehydrated through 100%
ethanol, cleared with propylene oxide, and embedded in epoxy resin. Sections of 1 μm
were stained with toluidine blue to identify the presence of foamy KCs. Next, sections
of 70‐90 nm were cut on an ultra‐microtome, mounted on Formvar‐coated (1595E,
Merck) 75 mesh copper grids and counterstained with uranyl acetate and lead citrate
before analysis on a Philips CM100 transmission electron microscope.

RNA isolation and quantitative polymerase chain reaction
Total RNA was isolated from approximately 25 mg of mouse liver tissues as described
previously.25 All applications were performed according to the manufacturers'
protocols. Total RNA (500 ng) from each individual mouse was converted into first‐
strand complementary DNA with the iScript cDNA synthesis kit (170‐8891; Bio‐Rad,
Hercules, CA) according to the manufacturer's instructions. The changes in gene
expression of inflammatory markers were determined by quantitative polymerase
chain reaction (qPCR) on an SDS 7900HT by using PowerSybr Green mastermix
(4329001 and 4368708; both Applied Biosystems, Foster City, CA) and 10 ng of cDNA.
For each gene, a standard curve was generated with a serial dilution of a liver cDNA
pool. To standardize for the amount of cDNA, Cyclophillin A was used as the reference
gene. Primer sets for the selected genes were developed with Primer Express
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version 2.0 (Applied Biosystems) using default settings. Data from qPCR were analyzed
according to the relative standard curve method.

Bone marrow‐derived macrophages
Bone marrow‐derived macrophages (BMM) were isolated from the tibiae and femurs
of NPC1mut mice. Cells were cultured in RPMI‐1640 (GIBCO Invitrogen, Breda, the
Netherlands) with 10% heat‐inactivated fetal calf serum (Bodinco B.V. Alkmaar, the
Netherlands), penicillin (100 U/ml), streptomycin (100 μg/ml) and L‐glutamine 2 mM
(all GIBCO Invitrogen, Breda, the Netherlands), supplemented with 20% L929‐
conditioned medium (LCM) for 8–9 days to generate BMM. After attachment,
macrophages were seeded at 350,000 cells per well in 24‐well plates and incubated
for 24h with oxLDL (25 μg/ml; Alfa Aesar: J65591, Wardhill, MA, USA), with or without
anti‐oxLDL EO6 antibodies (Avanti Polar Lipids, Alabaster, AL, USA). Then cells were
washed and stimulated with LPS (100 ng/ml) for 4h. Finally, supernatant was collected
for protein measurements and cells were lysed for mRNA expression analysis.

Mouse tumor necrosis factor enzyme‐linked immunosorbent assay
(ELISA)
The mouse TNF ELISA assay was performed on diluted supernatant from stimulated
BMM (1:10) according to the manufacturer’s instructions (88‐7324‐88; eBioscience,
San Diego, CA, USA).

Statistical analysis
Data was statistically analyzed by performing two‐tailed non‐paired t‐tests using
GraphPad Prism, version 4.03 for Windows. Data were expressed as the mean ±SEM
and considered significant at p<0.05. *, ** and *** indicate p<0.05, 0.01 and 0.001
resp.

Results
Compared to Wt‐tp mice, bone marrow‐tp Npc1mut mice show a
severe structural phenotype in the liver
Due to malfunction of the NPC1 protein, excessive amounts of cholesterol are trapped
inside lysosomes causing the formation of extremely large lysosomes. Manifestations
of the NPC1 phenotype include cognitive impairments and hepatosplenomegaly.26
Indeed, liver and spleen weights were dramatically increased in mice transplanted
with Npc1mut bone marrow compared to Wt‐tp mice, while body weights were
reduced (Supplementary Figures S4.1A‐C). Relative spleen weight was slightly but not
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significantly decreased in immunized Npc1mut‐tp compared to Npc1mut‐tp that did not
receive immunization.
To confirm whether the bone marrow transplantation was successful, we performed
electron microscopy on livers from Wt‐tp and Npc1mut‐tp mice. As pointed out by the
lower magnification, livers from Npc1mut‐tp mice clearly demonstrated the presence of
extremely large macrophage granulomas in contrast to Wt‐tp mice (Figure 4.1A).
These electron microscopy images were confirmed by a hematoxylin and eosin
staining (Supplementary Figure S4.1D). The granuloma macrophages showed severe
accumulation of vacuolar structures containing a huge amount of small membraneous
inclusions. While focal vesicular dilations of cristae in the mitochondria of the single
macrophages were evident at higher magnifications, indicating that these cells are the
resident KCs, no such structures were observed within the mitochondria of the large
macrophage granulomas (pictures not shown). Thus, these characteristics indicate
that the latter cells can be denominated as macrophages derived from bone marrow
and consist of abnormally swollen macrophages that are typical for an NPC1
phenotype. Additionally, in the Npc1mut‐tp group, the majority of resident KCs were
located adjacent to the large macrophage granulomas, and similarly, also contained
various numbers of small lipid inclusions. No detectable differences in phenotype
between non‐immunized and immunized Npc1mut‐tp mice were seen.

Increased IgM autoantibody titers against oxLDL after immunization
with heat‐inactivated pneumococci
To determine whether IgM anti‐oxLDL antibodies are beneficial for lysosomal
cholesterol accumulation and hepatic inflammation, Npc1mut‐tp mice received an HFC
diet and were immunized with heat‐inactivated pneumococci. Immunization with
heat‐inactivated pneumococci resulted in a strong increase of plasma IgM antibodies
of the EO6/T15 idiotype (Figure 4.1B), which bind oxLDL by specifically recognizing the
phosphorylcholine epitope.27 Indeed, increased IgM antibodies against copper‐
oxidized (CuOx)LDL were detected in immunized mice compared to control mice
(Figure 4.1C). Thus, immunization with heat‐inactivated pneumococci is able to induce
a strong anti‐oxLDL IgM antibody production in Npc1mut‐tp mice.
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Figure 4.1

mut

Liver phenotype of Wt‐tp and Npc1 ‐tp mice and IgM autoantibody titers in plasma.
mut
(A) Representative electron microscopy pictures of KCs and Npc1 macrophages of Wt‐tp
mut
mut
(2 μm) and (non‐)immunized Npc1 ‐tp mice (10 μm). Area within the dashed line: Npc1
granuloma; K: Kupffer cell. IgM EO6 antibodies (B) and IgM antibodies against copper‐oxidized
(CuOx)LDL (C) were measured in plasma of mice with or without immunization at a dilution of
1:100. Data are expressed as relative light units (RLU) / 100ms and were triplicate
determinations. Asterisks indicate significant difference from non‐immunized Wt‐tp and
mut
Npc1 ‐tp mice. *** p<0.001. PBS: phosphate buffered saline; R36A: heat‐inactivated
pneumococci.

Decreased hepatic cholesterol content and foamy macrophage
appearance after anti‐oxLDL immunization
To determine the overall cholesterol metabolism, we examined cholesterol levels in
liver and plasma. After 12 weeks on an HFC diet, liver cholesterol was significantly
elevated in Npc1mut‐tp mice when compared to Wt‐tp mice. Interestingly, the hepatic
cholesterol content was decreased after immunization of Npc1mut‐tp mice compared
to non‐immunized Npc1mut‐tp mice. In contrast to liver cholesterol, plasma cholesterol
was dramatically reduced by almost 50% in Npc1mut‐tp mice compared to Wt‐tp and
did not differ between immunized and non‐immunized Npc1mut‐tp mice (Figure 4.2A).
In line with hepatic cholesterol content, hematopoietic mutation of NPC1 increased
the hepatic phytosterol levels, campesterol and sitosterol, while these levels were
lowered after administration of heat‐inactivated pneumococci. To note, within the
brain, these plant sterols were unaffected (Supplementary Figures S4.2A‐D).
Additionally, we compared the hepatic gene expression of the cholesterol efflux
transporters ABCA1 and ABCG1. While Abca1 gene expression is comparable between
all the groups, Abcg1 is increased in the Npc1mut‐tp mice (Figure 4.2B). Upon anti‐
oxLDL immunization, Abcg1 gene expression is significantly reduced. To investigate
the foamy appearance of infiltrated macrophages within the liver, tissue sections
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were stained for CD68, a macrophage marker (Figure 4.2C‐D). Quantification of the
CD68 positive area revealed a dramatic increase in size of foamy macrophages in
Npc1mut‐tp mice compared to Wt‐tp mice (Figure 4.2C). After immunization with heat‐
inactivated pneumococci, Npc1mut‐tp mice displayed liver macrophages with a
significant lower foamy appearance compared to non‐immunized mice. Opposite to
liver cholesterol, liver triglyceride levels were decreased in Npc1mut‐tp mice compared
to Wt‐tp mice and remained similar between immunized and non‐immunized
Npc1mut‐tp mice (Figure 4.2E). An Oil Red O staining confirmed the biochemical liver
triglyceride measurements (Figure 4.2F).

4

Figure 4.2

Cholesterol parameters. Cholesterol levels in liver as well as in plasma (A) of Wt‐tp,
mut
(non‐)immunized Npc1 ‐tp mice on an HFC diet. Hepatic gene expression analysis of the
cholesterol efflux transporters Abca1 and Abcg1 (B). Quantification of the CD68 positive area
(C) by using Adobe Photoshop v. 9.0. Representative histological pictures of the CD68 staining
mut
(magnification x200) of macrophages of Wt‐tp and (non‐)immunized Npc1 ‐tp mice after a
12 week HFC diet (D). Liver triglyceride levels (E) and representative histological images of the
Oil Red O staining (F). Asterisks indicate significant difference from Wt‐tp mice. *, ** and ***
indicate p<0.05, 0.01 and 0.001 resp. PBS: phosphate buffered saline; R36A: heat‐inactivated
pneumococci.

Livers of non‐immunized Npc1mut‐tp mice show defects in lysosomal
(enzyme) function compared to Wt‐tp mice, but improved upon anti‐
oxLDL immunization
NPC1 disease is associated with disturbed levels of lysosomal enzymes including
cathepsins.15,28 To determine the lysosomal enzyme status in the liver, the activity of
the lysosomal enzyme acid phosphatase was measured. Hepatic acid phosphatase
activity of non‐immunized Npc1mut‐tp mice was significantly higher than in Wt‐tp
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mice, while immunization normalized acid phosphatase activity in Npc1mut‐tp mice
(Figure 4.3A). Similar to acid phosphatase, gene expression levels of the lysosomal
enzymes Cathepsin D, S and K were increased in non‐immunized Npc1mut‐tp mice
compared to Wt‐tp mice. Upon immunization, these lysosomal enzymes were
significantly reduced (Figure 4.3B‐D). To test whether intracellular cholesterol
trafficking is affected in this study, we analyzed gene expression of the intracellular
cholesterol transporters NPC1 and NPC2. In total liver, Npc1 gene expression is similar
in all groups, while Npc2 is elevated in Npc1mut‐tp mice compared to Wt‐tp mice
(Figure 4.3E‐F). In comparison to non‐immunized Npc1mut‐tp mice, Npc2 hepatic gene
expression is significantly reduced after immunization.

4

Figure 4.3

Parameters of lysosomal (enzyme) dysfunction. (A) Hepatic activity of the lysosomal enzyme,
mut
acid phosphatase, after feeding Wt‐tp and Npc1 ‐tp mice a 12‐week HFC diet. Hepatic gene
expression of the lysosomal enzymes Cathepsin D, S and K (B‐D) and the intracellular
cholesterol transporters Npc1 and Npc2 (E‐F). Gene expression data are set relative to Wt‐tp
mice. Asterisks indicate significant difference from Wt‐tp mice. *, ** and *** indicate p<0.05,
0.01 and 0.001 resp. PBS: phosphate buffered saline; R36A: heat‐inactivated pneumococci.
Npc1: Niemann‐Pick Type C1; Npc2: Niemann‐Pick Type C2.

The dramatic increase of hepatic inflammation in Npc1mut‐tp mice is
lowered upon pneumococcal immunization
To assess hepatic inflammation, liver sections were stained for the inflammatory
markers Mac‐1 (infiltrated macrophages and neutrophils) and NIMP (neutrophils).
These inflammatory markers demonstrated a significant higher level of inflammation
in livers of non‐immunized Npc1mut‐tp mice than Wt‐tp mice (Figure 4.4A). After
immunization, hepatic inflammation was considerably decreased in Npc1mut‐tp mice
compared to control‐injected Npc1mut‐tp mice. Representative histological pictures of
the Mac‐1 staining for all three groups are shown in Figure 4.4B. Here, single
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macrophages were stained positive for Mac‐1, while the large macrophage
granulomas in the Npc1mut‐tp group are Mac‐1 negative.

4

Figure 4.4
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Parameters of hepatic inflammation. (A) Liver sections were stained for both macrophages
and neutrophils (Mac‐1) and neutrophils solely (NIMP), and were counted. (B) Representative
images of the Mac‐1 staining (magnification x200) after feeding Wt‐tp and (non‐)immunized
mut
Npc1 ‐tp mice an HFC diet for 12 weeks. (C) Hepatic gene expression analysis for Itgam, Tnf,
Il12, Caspase‐1, Cxcr4 and Ccr2. Gene expression data were set relative to Wt‐tp mice.
Asterisks indicate significant difference from Wt‐tp mice. * p<0.05; ** p<0.01; *** p<0.001.
PBS: phosphate buffered saline; R36A: heat‐inactivated pneumococci; Itgam: integrin alpha
M; Tnf: tumor necrosis factor; Il‐12: interleukin‐12; Cxcr4: CXC chemokine receptor‐4; Ccr2:
CC chemokine receptor‐2.
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To confirm the histological data, gene expression analysis of the liver was performed.
As shown in Figure 4.4C, inflammatory genes, integrin alpha M (Itgam), tumor
necrosis factor (Tnf), interleukin 12 (Il12), Caspase‐1, CXC chemokine receptor‐4
(Cxcr4) and CC chemokine receptor‐2 (Ccr2) were significantly increased in non‐
immunized Npc1mut‐tp mice compared to Wt‐tp mice. After immunization, these
inflammatory‐related genes decreased substantially compared to Npc1mut‐tp mice
without immunization. To further investigate the direct effect of anti‐oxLDL antibodies
on inflammation, we isolated NPC1mut bone marrow‐derived macrophages (BMM) and
stimulated these with oxLDL, with or without the anti‐oxLDL (EO6) antibodies. These
EO6 antibodies are identical to the anti‐oxLDL antibodies that are induced in vivo
upon the immunization protocol.29 In the presence of the EO6 antibodies, NPC1
mutant BMM demonstrated significantly lower TNF protein levels, which was
confirmed by reduced mRNA levels of Tnf and Ccr2, compared to incubation without
the EO6 antibodies (Supplementary Figures S4.3A‐B). Thus, we found that BMM
derived from NPC1 mutant mice, which are incubated with oxLDL, are less
inflammatory in the presence of anti‐oxLDL antibodies.

Npc1mut‐tp mice display increased hepatic fibrosis compared to Wt‐tp
mice
To evaluate the degree of liver fibrosis, an advanced stage of NASH, a collagen
staining (Sirius Red) was performed. Hepatic collagen levels were significantly higher
in non‐immunized Npc1mut‐tp mice compared to Wt‐tp mice (Figure 4.5A), which is
probably due to the fact that there is collagen present around the large macrophage
granulomas (Figure 4.5B). Immunization of Npc1mut‐tp mice showed a trend towards a
decrease in the level of fibrosis compared to Npc1mut‐tp mice without immunization
(Figure 4.5A). In line with these findings, hepatic gene expression levels of the fibrotic
markers, transforming growth factor beta (Tgf‐β) and tissue inhibitor of
metalloproteinase‐3 (Timp3) were significantly higher in non‐immunized Npc1mut‐tp
mice than in Wt‐tp mice (Figure 4.5C). After immunization, these fibrotic markers
were lower compared to non‐immunized Npc1mut‐tp mice. Altogether, these data
indicate that Npc1mut‐tp mice are more susceptible for liver fibrosis and emphasize a
potential contribution of oxLDL to more advanced stages of NASH.
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4
Figure 4.5

Parameters of liver fibrosis. (A) Quantification of Sirius Red (collagen) staining after 12 weeks
of an HFC diet. Livers were quantified by using Adobe Photoshop v. 9.0. (B) Representative
mut
pictures of Sirius Red staining (original magnification, 100x) of Wt‐tp mice and Npc1 ‐tp
mice with or without immunization on an HFC diet for 3 months. (C) Gene expression analysis
of the fibrosis markers, Tgf‐β and Timp3. Gene expression data are shown relative to Wt‐tp
mice. *: p<0.05; ***: p<0.001. PBS: phosphate buffered saline; R36A: heat‐inactivated
pneumococci; Tgf‐β: transforming growth factor‐beta; Timp3: tissue inhibitor of
metalloproteinase‐3.

Discussion
So far, the causal relationship between lysosomal cholesterol accumulation in KCs and
hepatic inflammation has not been investigated. Additionally, the specific contribution
of the accumulated oxLDL to lysosomal dysfunction and hepatic inflammation is
unclear. As a tool to induce lysosomal cholesterol accumulation in KCs, we
transplanted NPC1 mutant bone marrow into hyperlipidemic mice. Npc1mut‐tp mice
elicited a dramatic increase in hepatic inflammation and fibrosis compared to Wt‐tp
mice. Thus, lysosomal cholesterol accumulation in KCs is a trigger for hepatic
inflammation and suggests the existence of a shared mechanism between hepatic
inflammation and LSDs. Moreover, our data further provide evidence that oxLDL
accumulation in the KCs is likely to be more harmful than native LDL.
Previous studies by us and others demonstrated merely an association between
lysosomal cholesterol accumulation and hepatic inflammation.8,9,16,19,30 Additional
evidence shows that also other inflammatory diseases, such as atherosclerosis,
feature lysosomal cholesterol accumulation in macrophages.31,32 NPC1 is a fatal
autosomal recessive disorder that causes excessive lysosomal storage of cholesterol
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with concomitant lysosomal defects due to mutations in the NPC1 gene.33 Whole body
deletion of NPC1 in mice shows a progressive course of life, with weight loss, impaired
cognitive function and early death (8‐12 weeks of age).34 To induce lysosomal
cholesterol accumulation in the hematopoietic system, we therefore choose to
transplant NPC1 mutant bone marrow into hyperlipidemic mice as a tool to
investigate the causal relationship between lysosomal cholesterol accumulation inside
KCs and hepatic inflammation. Despite the fact that NPC1 deficiency was only present
in the hematopoietic system in our study, we observed severe hepatic inflammation
and fibrosis. Thus, lysosomal cholesterol accumulation inside KCs is the main driver for
hepatic inflammation. Additionally, our data point towards the overlapping disease
mechanism between hepatic inflammation and LSDs.
Correct functioning of the lysosomes is tightly regulated and includes many lysosomal
parameters, i.e. lysosomal pH, lysosomal enzyme trafficking, number and size. A slight
change in one of these parameters can cause lysosomal dysfunction. As a result, a
strong association exists between lysosomal cholesterol accumulation and a
disturbance in lysosomal enzymes. Previous data displayed modified levels of
cathepsin D, a lysosomal enzyme, in mice with NPC brain pathology35 and in plasma of
pediatric NASH patients.36 In line with these data, we now demonstrate increased
hepatic gene expression levels of several cathepsins and acid phosphatase activity in
Npc1mut‐tp mice, hereby strongly implicating lysosomal dysfunction. Altogether, we
now demonstrate for the first time a direct causal relationship between lysosomal
cholesterol accumulation, concomitant lysosomal dysfunction, in KCs and hepatic
inflammation.
NPC1 disease is characterized by a dramatic cholesterol imbalance with an important
contribution for the liver. Since the liver plays a unique role in the cholesterol
metabolism, it is therefore one of the most affected tissues during NPC1 disease.37 As
expected, whole liver cholesterol and the foamy KC appearance were dramatically
increased in Npc1mut‐tp mice compared to Wt‐tp mice, while plasma cholesterol levels
were reduced. These data clearly show that the cholesterol is trapped inside the liver
cells and cannot be transported into the plasma. The concomitant increase in hepatic
cholesterol efflux transporters, ABCG1 and NPC2, could be attributed to a potential
protective mechanism as the liver vigorously attempts to lower the extremely high
cholesterol levels. NPC2 is known to bind sterols in a direct way,38 therefore, in line
with an increase in NPC2 gene expression in the livers of Npc1mut‐tp mice, we found
elevated hepatic levels of the plant sterols, campesterol and sitosterol.39 In contrast to
cholesterol, hepatic triglyceride content was decreased in Npc1mut‐tp mice compared
to Wt‐tp mice, which is in line with data published by Uronen et al.40 Interestingly, the
anti‐oxLDL immunization did not affect hepatic triglyceride levels. These findings
suggest that, unlike triglycerides, the anti‐oxLDL immunization plays a significant role
in cholesterol metabolism in the liver.
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Whether modified or unmodified cholesterol triggers hepatic inflammation is
unknown. Previously, an important role for oxLDL in inflammation has been
described.29,41 In addition, our group and others recently demonstrated a relationship
between inflammation and accumulation of oxLDL inside lysosomes of
macrophages.8,19,32,42 In the circulation of healthy individuals the amount of minimally
modified oxLDL is very small and has been reported to represent only 0.001% of
native LDL.43 However, the oxLDL fraction can increase to approximately 0.6‐1.8% in
patients with the metabolic syndrome, although the percentage of oxLDL is still
considerably low.44 Similarly, cholesterol oxidation products in plasma were increased
in human NPC1 patients compared to age‐matched control subjects.45 In NASH
patients, it has been found that plasma oxLDL is only 1.4 times higher than the
average oxLDL level detected in control subjects.46 Therefore, the improvements in
liver and lysosomes after preventing oxLDL uptake by pneumococcal immunization
exceeded our expectations and point towards the important contribution of oxLDL in
hepatic inflammation. Apart from oxLDL, other modified lipids such as aggregated LDL
(aggLDL) and cholesteryl‐ester rich lipid dispersions (DISP) may also lead to cholesterol
accumulation inside lysosomes and sustained inhibition of hydrolysis and subsequent
efflux.31,47 In addition, sphingomyelin‐rich particles were shown to be highly present
inside lysosomes of macrophages after incubation with different lipoprotein species.48
To note, these lipids (i.e. aggLDL, DISP and sphingomyelin) were not studied in these
experiments and could provide an explanation for the fact that hepatic inflammation
in immunized NPC1mut‐tp mice was not completely abolished to control values.
Current treatment options against hepatic inflammation are limited. Previous in vivo
studies in Ldlr‐/‐ mice have already shown that pneumococcal vaccination is useful to
reduce inflammatory disorders such as NASH and atherosclerosis.8,29 Other
approaches to reduce plasma oxLDL, via passive immunization43 or immunization
against the main epitope of oxLDL, phosphorylcholine, all demonstrated to improve
inflammation.50 Thus, these data suggest that lowering oxLDL levels are beneficial for
inflammation. Our data confirm that immunization with heat‐inactivated
pneumococci could be useful to reduce hepatic inflammation and other metabolic
diseases underlying lysosomal cholesterol accumulation.

Conclusions
In conclusion, we demonstrate for the first time that increased lysosomal cholesterol
accumulation in KCs causes hepatic inflammation. Rather than total cholesterol inside
lysosomes, we specifically show that oxLDL significantly contributes to lysosomal
dysfunction, cholesterol homeostasis and the hepatic inflammatory response. An
oxLDL‐targeted immunization protocol could represent a therapeutic strategy against
hepatic inflammation and to other metabolic diseases underlying lysosomal
cholesterol accumulation.
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Figure S4.1

Relative body weight gain (A), liver (B), spleen (C) weights and general histology of the liver by
mut
a hematoxylin and eosin staining (D) of Wt‐tp and (non‐)immunized Npc1 ‐tp mice. Arrows
indicate macrophage granulomas.

Figure S4.2

Campesterol (A‐B) and sitosterol (C‐D) levels in brain and liver.
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Figure S4.3

TNF protein levels (A) and gene expression of inflammatory‐related genes (Tnf and Ccr2)
(B) after incubation with oxLDL of NPC1 mutant BMM with or without anti‐oxLDL EO6
antibodies.
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Abstract
Background and aims
Non‐alcoholic steatohepatitis (NASH) is characterized by hepatic lipid accumulation combined
with inflammation, which can ultimately progress into cirrhosis. Recently, we demonstrated
that deletion of scavenger receptors CD36 and SR‐A in haematopoietic cells reduced hepatic
inflammation. In addition to uptake of modified lipoproteins, CD36 and SR‐A are also involved in
other functions that can activate the inflammatory response. Therefore, the actual trigger for
scavenger receptor activation during NASH is unclear. Here, we hypothesized that hepatic
inflammation is triggered by recognition of oxidized LDL (oxLDL) by Kupffer cells (KCs).
Methods
‐/‐
To inhibit recognition of oxLDL by KCs, Ldlr mice were immunized with heat‐inactivated
pneumococci, which were shown to induce the production of anti‐oxLDL IgM antibodies, due to
molecular mimicry with oxLDL. The mice received a high‐fat, high‐cholesterol (HFC) diet during
the last 3 weeks to induce NASH.

5

Results
Immunization with pneumococci increased anti‐oxLDL IgM levels and led to a reduction in
hepatic inflammation, as shown by reduced macrophage, neutrophil and T‐cell infiltration, and
reduced gene expression of Tnf, Il‐6, Il‐1β, Mcp1 and fibrosis related genes. In immunized mice,
KCs were smaller and showed less cholesterol crystals compared to non‐immunized mice.
Conclusions
Antibodies to oxLDL play an important role in the pathogenesis of NASH. Therefore, the
potential of phosphorylcholine‐based vaccination strategies as a novel tool for the prevention
and therapy of NASH should be tested in the future.
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Introduction
Non‐alcoholic fatty liver disease (NAFLD) is a condition ranging from benign lipid
accumulation in the liver (steatosis) to steatosis combined with inflammation. The
latter is referred to as non‐alcoholic steatohepatitis (NASH). NASH is considered as the
hepatic component of metabolic syndrome. Estimates from the United States are that
5.7% to 17% of all adults have NASH, while 17% to 33% of Americans suffer from
NAFLD.1,2 As obesity and insulin resistance reach epidemic proportions in
industrialized countries, the prevalence of both NAFLD and NASH is increasing. NAFLD
is therefore a major health hazard.3 Steatosis alone is considered a relatively benign
and reversible condition. However, the transition towards NASH represents a key step
in the pathogenesis, as it sets the stage for the development of fibrosis, cirrhosis and
liver cancer. Although the mechanisms leading to steatosis are well described, little is
known about the actual risk factors that drive hepatic inflammation during the
progression toward NASH. Consequently, therapeutic options are limited. Therefore,
knowledge about the events that lead to hepatic inflammation is of great importance
for the diagnosis and treatment of NASH.
Recently, we demonstrated that deletion of scavenger receptors (SRs) CD36 and SR‐A
in hematopoietic cells reduced hepatic inflammation.4 In addition to uptake of
modified lipids, SRs are involved in many other inflammatory pathways. These
pathways include cellular adhesion, innate immune responses and phagocytosis of
apoptotic cells.5 Based on the analogy between mechanisms for atherosclerosis and
NASH, it is likely that the recognition of oxidized low‐density lipoprotein (oxLDL) by
Kupffer cells (KCs), rather than other pathways, is the actual trigger for SR‐mediated
inflammation. Therefore, we hypothesized that hepatic inflammation is triggered by
the recognition of oxLDL by KCs.
It has recently been shown that the levels of immunoglobulin M (IgM) autoantibodies
to modified LDL are inversely correlated with atherosclerosis.6‐8 Oxidation‐specific
epitopes present in oxLDL are major targets of natural IgM antibodies.9 These
antibodies arise spontaneously without prior infection or immune exposure and
mainly consist of the IgM isotype.10 They are produced by innate‐like B‐1 cells, and
provide a first line of defense against bacterial and viral pathogens.11,12 In addition,
natural IgM antibodies play an important role in providing housekeeping functions by
protecting from the accumulation of biological waste, such as oxLDL.10 Upon oxidation
of LDL, reactive oxidation products from phospholipids retain the intact
phosphorylcholine (PC) headgroup, which becomes available for immune recognition.
These PC headgroups represent one of many so‐called oxidation‐specific epitopes and
are found on the outer side of the membrane of oxLDL.13 A panel of monoclonal
autoantibodies directed to epitopes of oxLDL was cloned from the spleens of
apolipoprotein E (apoE‐/‐) mice.14 In particular, one immunodominant clonotypic set of
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IgM autoantibodies was identified, EO6, which was shown to specifically bind to the
PC moiety of oxidized PC‐containing phospholipids, such as those present in oxLDL.13
EO6 antibodies were found to be identical to the natural T15 antibodies, which are
germline‐encoded natural antibodies exclusively derived from B‐1 cells. These T15
antibodies protect mice against Streptococcus pneumoniae infections, because PC is
also present in the capsular polysaccharide of the cell wall of this bacterium. Based on
this molecular mimicry, immunization of low‐density lipoprotein receptor (Ldlr‐/‐) mice
with heat‐killed S. pneumonia resulted in higher serum titers of anti‐oxLDL IgM
antibodies and decreased atherosclerosis.15 These findings suggest that anti‐oxLDL
antibodies directed to the PC group present on oxLDL possibly inhibit the recognition
of oxLDL by macrophage SRs, such as CD36.

5

The aim of the current study was to determine whether oxLDL is causally involved in
the pathogenesis of NASH. For this purpose, Ldlr‐/‐ mice were used as a well‐
recognized model mimicking the human lipoprotein metabolism with high fidelity and
is therefore also extremely useful to investigate the physiological triggers for hepatic
inflammation, which can already develop upon short term treatment with a high‐fat,
high‐cholesterol (HFC) diet.16 These mice were immunized with heat‐inactivated
pneumococci to investigate whether anti‐oxLDL antibodies have a protective effect on
NASH. Supporting our hypothesis, immunized Ldlr‐/‐ mice showed reduced hepatic
inflammation compared to non‐immunized mice. These data demonstrate the
importance of antibodies to oxLDL in the pathogenesis of NAS. Therefore, the
potential of PC‐based vaccination strategies as novel tool for the prevention and
therapy of NASH should be tested in the future.

Materials and methods
Preparation immunogen
For immunization, the heat‐inactivated R36A strain of Streptococcus pneumoniae
(Birmingham, AL) was used, still bearing the PC headgroup epitope similar to oxLDL.
Colonies of the R36A strain were harvested at mid‐log phase after incubation at 37°C
on blood agar plates and transferred to Todd‐Hewitt plus 0.5% yeast broth. The mid‐
log phase is characterized by an optical density (OD) value of 0.425 to 0.45 at 600 nm.
S. pneumoniae was heat‐inactivated at 60°C for 30 minutes; afterwards no colonies of
this suspension were detected on blood agar plates. For freezer stocks of strain R36A,
small aliquots of S. pneumoniae at mid‐log density were harvested and suspended in
Todd‐Hewitt plus 80% sterile glycerol and stored at ‐80°C.17
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Mice, immunization, and diet
Ldlr‐/‐ mice on a C57BL/6 background were housed under standard conditions and had
access to food and water ad libitum. Experiments were performed according to Dutch
laws, approved by the Animal Experiment Committee of Maastricht University.
The immunization protocol started in 12‐week‐old female mice, fed a normal chow
diet. Mice were divided into four groups (n=10 for each group) and received the
equivalent of 108 colony‐forming units of the heat‐killed pneumococcal immunogen
emulsified in 200µl sterile 0.9% NaCl for the primary subcutaneous immunization,
subsequently three intraperitoneal booster immunizations were administered every
3 weeks.15 The control group received a NaCl injection only. After immunization, the
mice were given normal chow, the control group, or an HFC diet, the experimental
group, for 3 weeks. Blood from the tail vein was collected after the dietary period and
mice were then sacrificed by cervical dislocation. Liver tissue was isolated and snap‐
frozen in liquid nitrogen and stored at ‐80°C or fixed in 4% formaldehyde/PBS. The
collection of blood and specimens, the biochemical determination of lipids in plasma
and the liver, liver histology, alanine aminotransferase, RNA isolation, complementary
DNA synthesis and quantitative PCR and auto‐antibody titers against IgG and IgM
antibodies to CuOx‐LDL and malondialdehyde‐LDL were extensively described
previously.4
Immune complex measurements were performed as described previously.15 Briefly,
circulating immune complexes were determined by a capture assay in which a
polyclonal antibody specific for murine apoB100 was coated on microtiter wells at
5 µg/ml in phosphate‐buffered saline. Individual mouse sera (1:100) were added to
the wells and incubated for 1 hour at room temperature. IgM bound to the captured
apoB‐containing particles was detected using an alkaline phosphatase conjugated
goat anti‐mouse IgM antibody by chemiluminescent enzyme‐linked immunosorbent
assay. The amount of IgM bound to the captured LDL was then normalized for the
amount of captured apoB and expressed as a ratio of IgM counts (relative light
units/100 ms) to apoB100 counts (relative light units/100 ms) or IgM/apoB.

Electron microscopy
A detailed overview about the postfixation, embedding, cutting, and type of electron
microscope has been described.16 To stain the KC lysosomes, acid phosphatase
enzyme cytochemistry was performed. Small wedge biopsies of the liver were
perfused by syringe injection with ice‐cold 2% purified glutaraldehyde in 0.1M
cacodylate buffer (pH 7.4) for 15 minutes. The wedge biopsies were cut into small
pieces and kept in 0.1M cacodylate buffer + 7.5% sucrose at 4°C until further
processing; the buffer solution was refreshed weekly. The samples were frozen for
1 hour at ‐30°C whereafter 50‐m‐thick cryosections were made. These sections were
incubated according to the cerium‐based method of Robinson and Karnovsky for the
localization of acid phosphatase. After the incubation, the sections were washed two
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times in 0.1M cacodylate buffer supplemented with 5% sucrose, refixed in 3%
glutaraldehyde in cacodylate buffer for 1 hour and rinsed overnight in veronal acetate
buffer (pH 7.4, 4°C). The sections were then postfixed for 30 minutes in 2% osmium
tetroxide in veronal buffer plus 4% sucrose and then routinely processed for
embedding in epon.

Statistical analysis
Data was statistically analyzed by performing two‐tailed nonpaired t tests using
GraphPad Prism, version 4.03 for Windows. Data are expressed as the mean ±SEM
and were considered significant at p<0.05.

Results
Increased IgM antibody titers against modified
immunization with heat‐inactivated pneumococci

5

LDL

after

To determine whether IgM autoantibodies to oxLDL have a protective effect on liver
inflammation, mice were immunized for 9 weeks with heat‐inactivated pneumococci,
known to induce high anti‐oxLDL IgM titers dominated by T15‐idiotypic IgM. To induce
NASH, the mice received an HFC diet during the last 3 weeks. Total body weight and
the ratio of liver weight to total body weight were not significantly different between
the different groups (Supplemental Figure S5.1). Immunization of Ldlr‐/‐ mice with
heat‐inactivated pneumococci resulted in a strong increase in IgM titers to oxLDL
(Figure 5.1A, 5.1B). Only weak but significant IgG responses were observed, consistent
with previous reports that pneumococcal immunizations induce an IgM‐dominated
thymus‐independent type‐2 response highly specific for PC (Figure 5.1C, 5.1D). The
levels of circulating IgM/apoB immune complexes did not differ between the groups,
likely indicating efficient clearance of oxLDL (Supplemental Figure S5.2)

No difference in liver lipid levels between immunized and
nonimmunized Ldlr‐/‐ mice after 3 weeks of HFC diet
To investigate liver lipid levels in hyperlipidemic mice with or without immunization,
biochemical assessment of liver cholesterol, triglycerides (TGs) and free fatty acids
(FFAs) was performed (Figure 5.2A). After 3 weeks on an HFC diet, a clear increase in
all liver lipid levels was observed compared to mice on a chow diet. Liver lipid levels
did not differ between immunized and nonimmunized Ldlr‐/‐ mice on the HFC diet.
Mice on the chow diet showed a small increase in liver lipid levels after immunization
when compared with nonimmunized Ldlr‐/‐ mice. Oil red O and hematoxylin and eosin
staining confirmed the biochemical liver lipid measurements (Figure 5.2B–E and
Supplemental Figure S5.3).
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Figure 5.1

IgM autoantibodies in mice that received pneumococcal immunization. (A‐D) IgM and IgG
antibodies against oxLDL (CuOx and PC‐BSA) were measured in plasma of pneumococci‐
immunized (n=10) and control (n=10) mice at a dilution of 1:200, respectively. Data are
expressed as relative light units (RLU) / 100 ms and were triplicate determinations. *p<0.05;
**p<0.01; ***p<0.001.

Decreased plasma cholesterol in immunized Ldlr‐/‐ mice on an HFC diet
compared with control mice
The effect of immunization on plasma lipids was assessed by measuring the levels of
plasma cholesterol, TGs and FFAs. After feeding on the HFC diet, a significant increase
was observed for all plasma lipids compared with mice on a chow diet. Interestingly,
plasma cholesterol was reduced in immunized Ldlr‐/‐ mice compared to nonimmunized
mice on an HFC diet. Plasma TGs and FFAs did not differ between the groups following
an HFC diet. On chow diet, plasma lipid levels did not differ between the groups
(Figure 5.3).
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Figure 5.2

Liver lipid levels. (A) Liver cholesterol, TGs and FFAs after chow and 3 weeks of an HFC diet.
(B–E) Oil red O staining after 3 weeks of an HFC diet in (B,D) nonimmunized (C,E) and
‐/‐
immunized Ldlr mice after (B,C) chow and (D,E) 3 weeks of feeding on an HFC diet,
respectively. Asteriks indicate significant difference from nonimmunized mice on a chow diet.
*p<0.05; **p<0.01; ***p<0.001.

Figure 5.3

Plasma lipid levels. Plasma cholesterol, TGs and FFAs after a chow diet and 3 weeks of an HFC
‐/‐
diet in nonimmunized and immunized Ldlr mice. Asteriks indicate significant difference from
nonimmunized mice on a chow diet. *p<0.05; **p<0.01; ***p<0.001.
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Decreased hepatic inflammation in Ldlr‐/‐ mice immunized with heat‐
inactivated pneumococci
To determine whether immunization of Ldlr‐/‐ mice with heat‐inactivated
pneumococci affects hepatic inflammation, liver sections were stained for the
inflammatory cell markers Mac‐1 (infiltrated macrophages and neutrophils), NIMP
(neutrophils) and CD3 (T cells). As shown in Figure 5.4A, the number of infiltrated
macrophages, neutrophils, and T cells was lower in immunized Ldlr‐/‐ mice compared
with nonimmunized mice after feeding on an HFC diet. These data on cell infiltration
are confirmed by hematoxylin and eosin staining (Supplemental Figure S5.3).
Moreover, the normal chow diet induced a significant increase in the number of
neutrophils in immunized chow‐fed mice compared with nonimmunized mice.
Representative histological pictures of the Mac‐1 staining for all four experimental
groups are shown in Figure 5.4B‐E. Further confirming the reduced hepatic
inflammation in immunized Ldlr‐/‐ mice on the HFC diet, gene expression analysis
showed a significant decrease in the inflammatory markers tumor necrosis factor
(Tnf), interleukin‐1beta (Il‐1b), interleukin 6 (Il‐6) and monocyte chemoattractant
protein 1 (Mcp1) in livers of immunized Ldlr‐/‐ mice on an HFC diet compared with
nonimmunized mice (Figure 5.4F). However, hepatic inflammation in Ldlr‐/‐ mice on an
HFC diet after immunization was still higher than chow‐fed immunized mice according
to the inflammatory markers Tnf, Il‐1b and Mcp1. The presence of elevated
transaminases in plasma‐like alanine aminotransferase (ALT) did not differ between
the different groups (Supplemental Figure S5.4).

After 3 weeks of HFC diet, immunization prevented expression of
fibrosis‐related genes in Ldlr‐/‐ mice
Fibrosis is considered an advanced stage of NASH. Collagen staining (Sirius Red) was
performed to determine the degree of fibrosis. No differences were observed
between the experimental groups after 3 weeks of an HFC diet (Figure 5.5A), which is
probably related to the short duration of the HFC diet. However, gene expression
analysis for collagen type 1A1 (Col1A1) and transforming growth factor beta (Tgf‐β)
demonstrated that the messenger RNA levels of these fibrogenic genes were lower in
immunized mice compared with nonimmunized mice on an HFC diet (Figure 5.5B).

85

5

Chapter 5

5

Figure 5.4
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Parameters of hepatic inflammation. (A) Liver sections were stained for infiltrated
macrophages and neutrophils (Mac‐1), neutrophils (NIMP), and T cells (CD3), and counted.
(B‐E) Representative images of Mac‐1 staining (magnification x200) after feeding on a chow
‐/‐
(B,C) and an HFC diet (D,E) in nonimmunized (B,D) and immunized (C,E) Ldlr mice,
respectively. (F) Gene expression analysis for Tnf, Il6, Il1β and Mcp1. Asteriks indicate
significant difference from nonimmunized mice on a chow diet. *p<0.05; **p<0.01;
***p<0.001.
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Figure 5.5

Parameters of hepatic fibrosis. (A) Quantification of sirius red (collagen) after 3 weeks of an
HFC diet. Livers were quantified as minimally, mildly or moderately positive for collagen
around and in between the blood vessels of the liver. (B) Gene expression analysis of the
fibrosis markers, collagen (Col1a1) and Tgf‐β. Asteriks indicate significant difference from
nonimmunized mice on a chow diet. *p<0.05; **p<0.01; ***p<0.001.

Decreased foamy appearance of KCs in immunized Ldlr‐/‐ mice on an
HFC diet
Immunohistochemistry for CD68 was performed to characterize the KCs. Scoring of
the CD68 positive sections revealed a reduction in size of foamy KCs in immunized
Ldlr‐/‐ mice compared with nonimmunized mice on an HFC diet (Figure 5.6A‐C). Gene
expression of Cd68 was reduced in the immunized Ldlr‐/‐ mice compared with
nonimmunized mice on an HFC diet (Figure 5.6B). Electron microscopy of KCs
confirmed the differences in size of the KCs between immunized and nonimmunized
Ldlr‐/‐ mice, and showed that the immunized mice on an HFC diet had less lysosomal
cholesterol accumulation and cholesterol crystals compared with nonimmunized mice
(Figure 5.6D).
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Figure 5.6

Foamy KCs. (A) Liver sections were stained for CD68 (KCs) and scored for the level of foamy
appearance: 1 (mild foamy appearance) to 3 (severe foamy appearance). Mean scores were
calculated from six microscopic views. (B) Gene expression analysis of the KC activation
‐/‐
marker CD68. (C) Representative images of liver sections stained for CD68 for the Ldlr mice
‐/‐
on a chow diet without and with immunization and for Ldlr mice on an HFC diet without and
with immunization, respectively (magnification x200). (D) Electron microscopy of foamy KCs.
Acid phosphatase staining indicating the lysosomes of the KCs in nonimmunized and
‐/‐
immunized Ldlr mice on an HFC diet. Asteriks indicate significant difference from
nonimmunized mice on a chow diet. *p<0.05; **p<0.01; ***p<0.001.

Discussion
Until now, the actual risk factors that drive hepatic inflammation during the
progression to NASH were unknown. To determine whether oxLDL is causally involved
in the pathogenesis of NASH, serum anti‐oxLDL IgM antibody levels were increased by
immunizing Ldlr‐/ mice with heat‐inactivated pneumococci, which dramatically
decreased hepatic inflammation. These data point toward oxLDL as a trigger for
hepatic inflammation. Furthermore, our data suggest that PC‐based vaccination
strategies could be the basis for a vaccination protocol for NASH therapy. However,
the long‐term consequences of immunization are unknown at the moment and should
be tested in the future.
SR‐mediated uptake of oxLDL by macrophages sets off a cascade of pro‐inflammatory
events leading to the initiation of the inflammatory response. OxLDL is phagocytosed
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by macrophages via binding of the oxPC molecules present in oxLDL to macrophage
SRs, and results in foam cells.18,19 Furthermore, CD36 has been implicated in
inflammatory signaling induced by oxLDL.20 Previously, we have shown that both CD36
and SR‐A play an important role in diet‐induced NASH.4 Because SRs have a wide
spectrum of functions,21‐23 it is not clear whether the recognition of modified
lipoproteins is the actual trigger for hepatic inflammation during NASH. Our data
demonstrate for the first time that inflammation is reduced in the livers of
pneumococci‐immunized mice. These results are in line with earlier findings
demonstrating decreased atherosclerotic lesion formation after pneumococcal
immunization.15 Similarly, apoE ‐/‐mice immunized with PC, one of the epitopes of
anti‐oxLDL autoantibodies present in oxLDL but also in the CPS of S. pneumoniae,
demonstrated an increase in anti‐oxLDL autoantibodies together with a reduction in
atherosclerotic lesions.24 Several in vitro studies suggest that the induced IgM
antibodies against oxLDL prevented binding and uptake of oxLDL by macrophages
and/or neutralize its proinflammatory signaling.11,15,25,26 Indeed, the inflammatory
process associated with atherosclerotic plaque formation is linked to the cytotoxicity
and macrophage chemo‐attractivity of oxLDL. Moreover, oxLDL is thought to be an
atherogenic factor, because its uptake by macrophages results in the formation of
foam cells, the hallmark cells of atherosclerotic lesions.18,19,27 Our data provide
evidence for similar mechanisms between atherosclerosis and NASH. Thus, the
reduced inflammation in mice in which the SRs on hematopoietic cells had been
deleted is likely to be related to the reduced recognition of oxLDL by KCs.
Interestingly, plasma cholesterol levels were significantly reduced in our immunized
Ldlr‐/‐ mice. Previously, it was shown that anti‐oxLDL antibodies directed to the PC
group present on oxLDL inhibit the recognition of oxLDL by macrophage SRs.28 We
speculate that the formed immune complexes containing both LDL and oxLDL
particles may be cleared faster by alternative pathways, as this is the case for IgM
mediating apoptotic cell clearance. However, measurements of IgM/apoB immune
complexes indicated that there were no differences between our groups of Ldlr‐/‐
mice, also suggesting that the induced IgM mediate their protective effect by directly
neutralizing the proinflammatory effects of oxLDL. These findings are in line with
Binder et al.,15 who demonstrated that under these conditions, no differences in
immune complexes were observed. It is possible that the protective effect of these
antibodies in vivo is further enhanced via a reduction in plasma cholesterol levels,
since plasma cholesterol levels are an important trigger for hepatic inflammation.16
NASH patients are often associated with high levels of lipid peroxidation products
such as those present in oxLDL. Therefore, it has been suggested that the elevated
levels of lipid peroxidation might make an important contribution to the pathogenesis
of NASH.29,30 In the literature, it is demonstrated that the presence of immune
responses toward lipid peroxidation products can be a predictor of progression of
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NAFLD.31 In addition, it was demonstrated that oxidized phosphatidylcholines were
found predominantly in steatotic hepatocytes and macrophages/KCs and were more
abundant in NAFLD/NASH livers than in normal control livers.32 Moreover, we have
shown that NASH patients display increased hepatic myeloperoxidase activity, which
is also associated with lipid peroxidation.33 The role of oxidative stress as a key factor
contributing to hepatic injury in patients with NASH34,35 has been underlined by a
study with vitamin E therapy of nondiabetic NASH patients.36
Because fibrosis is one of the later consequences of NASH, we investigated the effect
of immunization with heat‐inactivated pneumococci on hepatic fibrosis. Gene
expression of fibrosis‐related genes was decreased, yet not confirmed by sirius red
staining. This is probably due to the short period of 3 weeks on an HFC diet, because
Ldlr‐/‐ mice only develop fibrosis after 3 months on a mild atherogenic diet.4 However,
we report for the first time that uptake of oxLDL is associated with fibrogenesis in
vivo. In line with these observations, a study by Kang et al. demonstrated that oxLDL
can activate hepatic stellate cells in vitro.37 These findings indicate a crucial role for
oxLDL in the fibrogenic process.

5

As expected, immunized mice on an HFC diet showed decreased foamy KCs compared
with nonimmunized mice. This reduction in size is probably due to decreased plasma
cholesterol levels, as the size of the foamy KCs is not always correlated with the
inflammatory state of the liver.4,16 Overloading of macrophages with oxLDL was shown
to lead to the formation of cholesterol monohydrate crystals.38 In line with these
findings, we showed that after immunization with heat‐inactivated pneumococci, KCs
were less foamy, had less lysosomal cholesterol accumulation and therefore also less
cholesterol crystals. These data indicate that the increased cholesterol accumulation
inside KCs, together with the crystallization, is linked to hepatic inflammation.
To date, no therapy for NASH is available. Our novel data in mice suggest that future
research should focus on oxLDL as a trigger for NASH. Therefore, the potential of PC‐
based vaccination strategies to be used as a novel tool for the prevention and therapy
of NASH should be tested in the future.
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Abstract
Background and aims
Non‐alcoholic steatohepatitis (NASH) is the most severe form of a hepatic condition known as
non‐alcoholic fatty liver disease (NAFLD). NASH is histologically characterized by hepatic fat
accumulation, inflammation and ballooning, and eventually coupled with fibrosis, which in turn
may progress to end‐stage liver disease even in young individuals. Hence, there is a critical need
for specific non‐invasive markers to predict hepatic inflammation at an early age. We
investigated if plasma levels of cathepsin D (CatD), a lysosomal protease, correlated with
severity of liver inflammation in pediatric NAFLD.
Methods
Liver biopsies from children (n=96) with NAFLD were histologically evaluated according to the
criteria of Kleiner (NAFLD activity score) and the Brunt’s criteria. At the time of the liver biopsy,
blood was taken and levels of CatD, alanine aminotransferase (ALT) and cytokeratin‐18 (CK‐18)
were measured in plasma.

6

Results
Plasma CatD levels were significantly lower in subjects with liver inflammation compared to
steatotic subjects. Furthermore, we found that CatD levels were gradually reduced and
corresponded with increasing severity of liver inflammation, steatosis, hepatocellular
ballooning and NAFLD activity score. CatD levels correlated with pediatric NAFLD disease
progression better than ALT and CK‐18. In particular, CatD showed a high diagnostic accuracy
(ROC‐AUC: 0.94) for the differentiation between steatosis and hepatic inflammation, and
reached almost the maximum accuracy (ROC‐AUC: 0.998) upon the addition of CK‐18.
Conclusions
Plasma CatD holds a high diagnostic value to distinguish pediatric patients with hepatic
inflammation from children with steatosis.
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Introduction
The current obesity epidemic in children is paralleled by an increasing prevalence of
non‐alcoholic fatty liver disease (NAFLD), a condition characterized by early hepatic
steatosis and by a more severe form known as non‐alcoholic steatohepatitis (NASH).
Key histologic components of NASH are steatosis, inflammation and hepatocellular
ballooning.1 Children with biopsy‐proven NAFLD were followed for 20 years and
demonstrated a shorter long‐term survival. Some children evolved towards advanced
fibrosis, others to cirrhosis and a 20‐year old girl needed a liver transplantation due to
end‐stage liver disease, hereby showing the progressive nature of NAFLD even in
young individuals.2 Therefore, as NASH progresses to these more severe chronic liver
conditions, its early detection is crucial to design adequate patient management and
to reduce end‐stage liver disease and overall mortality. Unfortunately, NASH cannot
be identified without pursuing a liver biopsy, the reference standard for accurate
staging and grading of NAFLD. Due to the invasiveness of this method, the high costs,
the level of discomfort, sampling error and its risk for complications such as
hemorrhage and bile peritonitis,3 liver biopsies, especially at a young age, should be
replaced with non‐invasive markers to detect NASH.
In addition to plasma alanine aminotransferase (ALT), a number of functionally diverse
biomolecules could be used as potential markers for pediatric NASH, including several
proteins that change their expression and stability during the development of
steatosis, inflammation and ballooning.4 An extensively studied molecule is the
caspase‐cleaved cytokeratin‐18 (CK‐18), that, in addition to its ability to detect
hepatocellular apoptosis, is also able to distinguish NASH from simple steatosis both
in adults and children.5,6
Previously, we demonstrated a clear and direct association between hepatic
inflammation and lysosomal cholesterol accumulation inside Kupffer cells (KCs) of
low‐density lipoprotein receptor knockout (Ldlr‐/‐) mice fed a high‐fat, high‐
cholesterol diet.7‐9 In line with our observation in mice, cholesterol‐containing KCs
were also demonstrated recently in livers of NASH patients.10 Further studies have
shown that lysosomal cholesterol accumulation induces disturbances in lysosomal
(enzyme) trafficking.11,12 In particular, cathepsins, the main class of lysosomal
proteases, have been described to play an early role in inflammation.13 In line, recent
evidence showed a disruption of hepatic cathepsin expression in NAFLD patients.14
We hypothesized that cathepsin D levels in plasma may be altered in subjects with
NASH compared to subjects without NASH (i.e. steatosis). Therefore, the aim of the
present study was to assess plasma levels of cathepsin D in children with different
stages of NAFLD and to correlate these to histological criteria used for the diagnosis of
NASH. Additionally, receiver operating characteristic (ROC) curves were plotted to test
the diagnostic accuracy of cathepsin D.
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Materials and methods
Sample collection for the present study was performed at the Hepato‐Metabolic
Department of Bambino Gesù Children’s Hospital during the period September 2012‐
December 2013. The study design was conformed to the ethical guidelines of the
Declaration of Helsinki (1975) and was performed according to the recommendations
of the Ethics Committee of the Hospital.
We included consecutive children aged 3 to 12 years with an ultrasonographic
diagnosis of NAFLD and persistently (≥6 months) elevated serum aminotransferases.
The decision to biopsy NAFLD children was based on our previously published data,
demonstrating a high prevalence of necro‐inflammatory changes and fibrosis in
children with ultrasonographic steatosis and persistently elevated liver enzymes.15
Blood samples were obtained just before the ultrasound‐guided liver biopsy. All blood
samples were originally processed to yield plasma and stored at −80°C. Exclusion
criteria were hepatic virus infections (hepatitis A, B, C, cytomegalovirus; and Epstein–
Barr virus), type I diabetes mellitus, excessive alcohol consumption (≥140 g/week),
history of parenteral nutrition, and use of drugs known to induce steatosis (eg,
valproate, amiodarone, or prednisone) or to affect body weight and carbohydrate
metabolism. Autoimmune liver disease, metabolic liver disease, Wilson’s disease,
celiac disease, type II diabetes mellitus and alpha‐1‐antitrypsin deficiency were ruled
out using standard clinical, laboratory, and histological criteria.16,17

6

Liver histology
The clinical indication for liver biopsy was either to assess and better define the
presence of NASH and the degree of fibrosis or to exclude other likely liver diseases.16
A Sonoline Omnia ultrasound machine (Siemens, Munich, Germany) equipped with a
5‐MHz probe (5.0 C 50, Siemens) and a biopsy adaptor was employed.
The liver specimens of ≥15 mm length including at least 5–6 complete portal tracts
were considered adequate for the purpose of the study. Biopsies were routinely
processed (i.e. formalin‐fixed and paraffin‐embedded) and sections of liver tissue
were stained with hematoxylin‐eosin, Van Gieson, Periodic acid‐Schiff diastase, and
Prussian blue stain. Biopsies were evaluated by a single expert hepato‐pathologist,
who was unaware of the patient’s clinical and laboratory data. To determine the intra‐
observer agreement, the pathologist scored the liver biopsies blindly twice and the
weighted κ coefficients for different histological features were calculated.
The main histological features of NAFLD/NASH, including steatosis, inflammation,
hepatocellular ballooning and fibrosis were scored using the NAFLD Clinical Research
Network (CRN) criteria.18 Briefly, steatosis was graded on a 4‐point scale: grade
0=steatosis involving <5% of hepatocytes; grade 1=steatosis involving up to 33% of
hepatocytes; grade 2=steatosis involving 34–65% of hepatocytes; and grade
3=steatosis involving >=66% of hepatocytes. Lobular inflammation was graded on a
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4‐point scale: grade 0=no foci; grade 1=<2 foci per 200×field; grade 2=2–4 foci per
200×field; and grade 3=>4 foci per 200× field. Hepatocellular ballooning was graded
from 0 to 2: 0=none; 1=few balloon cells; and 2 =many/prominent balloon cells. The
stage of fibrosis was quantified using a 5‐point scale: stage 0=no fibrosis; stage
1=perisinusoidal or periportal (1a=mild, zone 3, perisinusoidal; 1b=moderate, zone 3,
perisinusoidal; 1c=portal/periportal); stage 2=perisinusoidal and portal/periportal;
stage 3=bringing; and stage 4=cirrhosis. Features of steatosis, lobular inflammation,
and hepatocellular ballooning were combined to obtain the NAFLD activity score (NAS
score). The NAS score ranged from 1 to 7. As recently recommended by NASH CRN19, a
microscopic diagnosis based on overall injury pattern (steatosis, hepatocellular
ballooning, inflammation) as well as the presence of additional lesions (e.g. zonality of
lesions, portal inflammation and fibrosis) has been assigned to each case. Accordingly,
biopsies were subdivided into: steatosis, borderline NASH and definite NASH.19

Laboratory assessment
At the time of the liver biopsy, blood was taken for further analysis. In all patients,
enrolled in the present study, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), gamma‐glutamyl transpeptidase (GGT), triglycerides, total
cholesterol, albumin levels, glucose tolerance and prothrombin time (international
normalized ratio, INR) were evaluated using standard laboratory methods. Insulin
resistance was calculated according to the Homeostatic Model Assessment‐Insulin
Resistance (HOMA‐IR) derived from basal values of glucose and insulin as previously
described.20

Human cathepsin D enzyme‐linked immunosorbent assay
Plasma samples were diluted and cathepsin D levels were determined by the
cathepsin D enzyme‐linked immunosorbent assay according to the manufacturers’
protocol (Uscn Life Science Inc, Wuhan, China). The absorbance was measured on a
Benchmark 550 microplate reader (Bio‐rad). The detection limit ranges approximately
from 46.88 to 3,000 pg/ml. Coefficients of variation (CV%) for intra‐ and inter assays
are <10 and <12% respectively. Cathepsin D measurements were performed blinded
to the histology findings of the study participants.

CK‐18 level measurements
Part of plasma samples were used for quantitative determination of CK‐18 levels by
the M30‐Apoptosense ELISA kit (PEVIVA) purchased from Li Starfish (Milan, Italy). All
assays were performed in duplicates, and the absorbance was determined using a
microplate reader (Molecular Bio‐Rad, Milan, Italy).
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Statistical analysis
The data were analysed by performing one‐way analysis of variance (ANOVA) and
posthoc Tukey’s test. The data were expressed as mean ±SEM and considered
significant at p<0.05. In order to evaluate the performance of plasma cathepsin D for
distinguishing steatosis vs. NASH patients, borderline NASH vs. NASH and, steatosis
and borderline NASH vs. NASH, the sensitivity, specificity, predictive values and area
under curve (AUC) were calculated using receiver operating characteristic (ROC) curve
analysis. A statistical significance between two AUCs was evaluated by computing the
Z‐score, followed by calculating two‐tailed p‐values. P<0.05 was considered
significant. The analysis and the graphs were performed using GraphPad Prism 5
(version 5.03).
To assess the diagnostic accuracy of the combination CK‐18 with cathepsin D, a logistic
regression was fitted to steatosis, borderline NASH and NASH patients for both CK‐18
and cathepsin D. Statistical ROC analyses and AUC presented for the combination CK‐
18 with cathepsin D were performed using the freely available program R21 and the
publicly available libraries ‘gnlm’22 and ‘DiagnosisMed’.

Results

6

General characteristics of the pediatric population
Ninety‐six children (mean age: 8.9 years, ranging from 3.3‐12.1 years) with NAFLD
were enrolled in the study. Of those ninety‐six children, 56 were boys and 40 girls with
a mean age of 9.3 and 8.4 years respectively. NASH was diagnosed in 27%
(26 subjects) of the study population, while 51 subjects (53%) were diagnosed with
borderline NASH and 19 subjects (20%) with steatosis (Table 6.1). All children were
obese (BMI>95th percentile) and no difference was observed in BMI percentile and
waist circumference (WC) percentile between children with steatosis, borderline
NASH or definite NASH (Table 6.2). No differences were found in insulin resistance,
glucose tolerance, the lipid profile and coagulation profile (HOMA‐IR, impaired
glucose tolerance (IGT), cholesterol, triglycerides, albumin, and INR). Liver‐specific
parameters including ALT, AST and GGT were similar between all the groups. In
response to NAFLD severity, a gradual significant decrease was detected for plasma
cathepsin D, a lysosomal protease (steatosis vs. borderline NASH: p=0.0017; steatosis
vs. NASH: p<0.0001; borderline NASH vs. NASH: p<0.0001). In contrast, CK‐18
increased in response to NAFLD severity and could differentiate steatosis from
borderline NASH (p=0.0001) and NASH (p=0.0003). No difference in CK‐18 levels was
observed between borderline NASH and definite NASH (p=0.95).
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Table 6.1

Histological features of the pediatric subjects.

NAS
Steatosis (%)
. 5‐33%
. 34‐65%
. >=66%
Inflammation (%)
. Grade 0
. Grade 1
. Grade 2
Ballooning (%)
. None
. Few
. Many
Fibrosis (%)
. Stage 0
. Stage 1
. Stage 2
. Stage 3

Steatosis
(n=19)
2.2 ± 0.3

Borderline NASH
(n=51)
3.9 ± 0.2

NASH
(n=26)
5.7 ± 0.1

15 (78.9)
3 (15.8)
1 (5.3)

10 (19.6)
5 (9.8)
36 (70.6)

2 (7.7)
5 (19.2)
19 (73.1)

5 (26.3)
13 (68.4)
1 (5.3)

1 (2.0)
33 (64.7)
17 (33.3)

0
12 (46.2)
14 (53.8)

17 (89.5)
1 (5.3)
1 (5.3)

22 (43.1)
24 (47.1)
5 (9.8)

3 (11.5)
15 (57.7)
8 (30.8)

10 (52.6)
8 (42.1)
1 (5.3)
0

19 (37.3)
26 (51.0)
5 (9.8)
1 (2.0)

7 (26.9)
16 (61.5)
0
3 (11.5)

NAS: NAFLD activity score. NAS is represented as mean±SEM.

Table 6.2 Clinical characteristics of the pediatric population.
Steatosis(1)

Male (%)
Age (years)
Weight (kg)
Length (cm)
BMI percentile
WC percentile
Obese (%)
Cholesterol (mg/dl)
Triglycerides (mg/dl)
ALT(U/l)
AST (U/l)
GGT (U/l)
Cathepsin D (pg/ml)
CK‐18 (U/l)
Albumin (g/dl)
INR
IGT(%)/Prediabetes
HOMA‐IR

(n=19)
12 (63.2)
10.0 ± 0.5
52.0 ± 2.6
139.9 ± 2.8
96.0 ± 0.8
83.6 ± 2.4
19 (100)
167.3 ± 8.6
94.0 ± 8.4
61.6 ± 7.4
46.7 ± 3.5
26.0 ± 2.5
32658 ± 3640
261.6 ± 24.5
4.5 ± 0.1
1.1 ± 0.05
0 (0)
2.7 ± 0.4

Borderline
NASH(2)
(n=51)
29 (56.9)
8.4 ± 0.3
45.2 ± 2.2
132.4 ± 2.4
96.0 ± 0.7
77.9 ± 1.4
47 (92.2)
163.3 ± 5.1
111.1 ± 8.2
83.7 ± 5.6
55.3 ± 2.6
29.1 ± 2.7
21428 ± 1753
350.6 ± 11.2
4.5 ± 0.1
1.2 ± 0.03
9 (17.6)
2.5 ± 0.3

NASH(3)
(n=26)
15 (57.7)
9.2 ± 0.4
44.3 ± 2.0
135.0 ± 2.7
96.1 ± 0.8
82.9 ± 1.7
24 (92.3)
153.3 ± 7.6
125.9 ± 21.9
91.0 ± 15.3
57.4 ± 7.2
30.0 ± 4.4
8095 ± 784
356.4 ± 6.6
4.6 ± 0.1
1.1 ± 0.04
4 (15.4)
2.4 ± 0.3

p‐value between groups
1 vs. 2
0.886
0.016
0.155
0.158
1.000
0.079
0.458
0.915
0.664
0.258
0.387
0.814
0.002
0.0001
0.866
0.838
0.137
0.973

1 vs. 3
0.930
0.378
0.149
0.531
0.995
0.973
0.551
0.427
0.328
0.152
0.311
0.769
<0.0001
0.0003
0.668
0.997
0.297
0.922

2 vs. 3
0.997
0.314
0.958
0.753
0.996
0.084
1.000
0.506
0.685
0.830
0.929
0.981
<0.0001
0.950
0.869
0.853
0.959
0.970

Data are represented as mean±SEM. Data was statistically analyzed by performing one‐way ANOVA tests
using SPSS software, version 22.0 (SPSS, Chicago, IL, USA). BMI: body mass index; WC: waist circumference;
INR: international normalized ratio; CK‐18: cytokeratin‐18; IGT: impaired glucose tolerance; HOMA‐IR:
homeostasis model assessment of insulin resistance.
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Significantly reduced levels of plasma cathepsin D correlate with
pediatric NAFLD disease severity
First, we investigated whether plasma cathepsin D levels correlated with histological
features of NAFLD. We found that plasma levels of cathepsin D decreased significantly
in parallel with the increasing degree of NAFLD and the NAS score (Figure 6.1).
Furthermore, in line with the increased presence of hepatocellular ballooning, a key
histological feature of NASH, plasma cathepsin D declined. By examining the individual
stages of NAFLD, we demonstrate that, unlike late‐stage fibrosis, cathepsin D was
reduced upon increasing degrees of steatosis and inflammation. Thus, plasma
cathepsin D was significantly lowered in children with NASH compared to children
with either steatosis or borderline NASH and was associated with early stages of
NAFLD (i.e. steatosis and inflammation).

6

Figure 6.1
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Cathepsin D in plasma of pediatric non‐alcoholic fatty liver disease (NAFLD) subjects.
Cathepsin D levels were analyzed in children with NAFLD divided by biopsy‐proven steatosis,
borderline non‐alcoholic steatohepatitis (NASH), and NASH (light‐grey bars) or divided upon
the NAS score (dark‐grey bars). The colored bars show plasma cathepsin D for the individual
stages of NAFLD. Classification Mild indicates a stage 0 for hepatocellular ballooning, stage 1
for steatosis, and stage 0 for inflammation and fibrosis. Classification Moderate indicates
stage 1 for hepatocellular ballooning, stage 2 for steatosis, and stage 1 for inflammation and
fibrosis. Classification Severe indicates stage 2 for hepatocellular ballooning, stage 3 for
steatosis, stage 2 for inflammation, and stage 2+3 for fibrosis. Asterisks denote significance
compared with the corresponding first (left) bar for each classification. Each classification is
indicated by the light‐grey, the dark‐grey, and the colored bars. * p<0.05, ** p<0.01, and
*** p<0.001. The hashtag (#) notation represents significance compared with the
corresponding second (middle bar) for each classification. # p<0.001. NAS, NAFLD activity
score; NASH, non‐alcoholic steatohepatitis.
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Plasma ALT does not correlate with the NAFLD histological pattern in
children
Currently, plasma ALT is primarily used in the clinic as a non‐invasive marker to detect
NASH. In order to make a comparison between cathepsin D and ALT, plasma ALT
levels were also measured. Opposite to cathepsin D, a trend towards increasing ALT
levels in parallel with increasing NAFLD severity was found (Figure 6.2). However, this
difference was not significant, neither for Brunt’s or Kleiner’s criteria. Unlike cathepsin
D, ALT levels remained similar upon severe degrees of hepatocellular ballooning and
steatosis. ALT levels rose with increasing severity of inflammation, but did not reach a
statistically significant level. During fibrosis, a trend towards an increase in ALT levels
was found between patients who displayed no fibrosis and those who demonstrate
mild or severe fibrosis. Altogether, ALT is not able to differentiate between the
different stages of pediatric NAFLD and is more associated with late‐stage fibrosis.

6

Figure 6.2

Plasma alanine aminotransferase (ALT) levels in children with biopsy‐proven non‐alcoholic
fatty liver disease (NAFLD). ALT levels in children with NAFLD divided by biopsy‐proven
steatosis, borderline non‐alcoholic steatohepatitis (NASH), and NASH (light‐grey bars) or
divided upon the NAS score (dark‐grey bars). The colored bars show plasma ALT for the
individual stages of NAFLD. NAS, NAFLD activity score; NASH, non‐alcoholic steatohepatitis.

CK‐18 can differentiate between steatosis and NASH and correlates
with some histological features of pediatric NAFLD
As previous research has shown that plasma levels of CK‐18 are accurate in predicting
NASH vs. no NASH in adults5 and children6, we point to confirm these data in our
cohort. In the current study, CK‐18 was increased in pediatric subjects with borderline
NASH and definite NASH compared to steatosis. However, CK‐18 levels remained
identical between children with borderline and definite NASH (Figure 6.3). CK‐18 was
significantly increased in subjects with a high NAS score (3‐4 and 5‐7) compared to
children with an NAS score of 1‐2. To determine whether there is an association
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between CK‐18 and severity of NAFLD, we categorized CK‐18 according to the
histological stages of hepatocyte ballooning, steatosis, inflammation and fibrosis. In
this cohort CK‐18 was significantly increased upon mild hepatocyte ballooning and
according to steatosis and inflammation severity. No difference in CK‐18 levels
between the different stages of fibrosis was observed. Altogether, we confirm that
CK‐18 is able to distinguish NASH from steatosis in children with NAFLD.

Figure 6.3

6

Cytokeratin‐18 (CK‐18) levels in plasma of children with non‐alcoholic fatty liver disease
(NAFLD). CK‐18 measurements were plotted against the several stages of NAFLD. Asterisks
denote significance compared with the corresponding first (left) bar for each classification.
Each classification is indicated by the light‐grey, the dark‐grey, and the colored bars. * p<0.05,
** p<0.01, and *** p<0.001. The hashtag (#) notation represents significance compared with
the corresponding second (middle bar) for each classification. # P<0.001. NAS, NAFLD activity
score; NASH, non‐alcoholic steatohepatitis.

Plasma cathepsin D holds a better predictive value for the
differentiation between steatosis and NASH in children than CK‐18
and ALT
We next investigated the clinical potential of plasma cathepsin D for diagnosing
pediatric NASH and hereby made use of plotted ROC curves. For the comparison
between steatosis and NASH, the ROC curve of cathepsin D demonstrated a significant
higher area under the curve (AUC) of 0.94, compared to the AUC values of ALT (0.59;
p=0.0004) and CK‐18 (0.72; p=0.0225) (Figure 6.4A and Table 6.3). Regarding the
differentiation between borderline NASH and definite NASH, an AUC value of 0.85 was
reached by using cathepsin D, which was significantly higher than the AUC values of
ALT (0.57; p=0.0011) and CK‐18 (0.57; p=0.0003). An AUC value of 0.88 for cathepsin D
was given for the differentiation between steatosis + borderline NASH vs. NASH,
compared to an AUC of 0.52 and 0.53 for ALT and CK‐18 respectively (Figure 6.4C). For
this differentiation, further statistical analysis revealed that the AUC value of
cathepsin D is higher than the AUC values of ALT (p<0.0001) and CK‐18 (p<0.0001)
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(Table 6.3). No significant differences were observed between the AUCs of
cathepsin D (AUC: 0.81), ALT (AUC: 0.66) and CK‐18 (AUC: 0.74) to distinguish steatosis
vs. borderline NASH + NASH (Figure 6.4D and Table 6.3).
A

B

Steatosis vs. NASH

Borderline NASH vs. NASH
1.0

Sensitivity

Sensitivity

1.0

0.5
AUC

Cathepsin D: 0.94
ALT: 0.59
CK-18: 0.72
1.0
0.5
1-Specificity

C

Steatosis + Borderline NASH vs. NASH

D

1.0

Steatosis vs. Borderline NASH + NASH
1.0

0.5
AUC
Cathepsin D: 0.88
ALT: 0.53
CK-18: 0.52
0.5
1-Specificity

1.0

Sensitivity

Sensitivity

AUC
Cathepsin D: 0.85
ALT: 0.574
CK-18: 0.569
0.5
1-Specificity

1.0

Figure 6.4

0.5

0.5
AUC
Cathepsin D: 0.81
ALT: 0.66
CK-18: 0.74
0.5
1-Specificity

1.0

The diagnostic value of cathepsin D, CK‐18 and ALT in pediatric NAFLD. ROC curve analysis
was performed to assess the area under the curve (AUC) of using plasma cathepsin D, CK‐18
or ALT to predict hepatic inflammation for the following comparisons; steatosis vs. NASH (A);
borderline NASH vs. NASH (B); steatosis combined with borderline NASH vs. NASH (C) and
steatosis vs. borderline NASH + NASH (D).

The diagnostic performances of cathepsin D, ALT and CK‐18 in the prediction of NASH
are depicted in Supplementary Table S6.1. The best cut‐off point for cathepsin D was
<18445 pg/ml, which demonstrated the highest sensitivity (100%) and specificity
(89.5%). Positive and negative predictive values (PPV and NPV) were calculated and
demonstrated 92.9% and 100% respectively. In contrast to cathepsin D, ALT and CK‐18
displayed lower sensitivity and specificity rates and less accurate PPV and NPV
percentages to predict pediatric NASH.
In short, compared to ALT and CK‐18, cathepsin D holds better diagnostic value to
predict pediatric NASH and is accurate in making the differentiation between pediatric
NASH subjects from those who have steatosis. Similar to steatosis vs. NASH subjects,
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cathepsin D also improves the prediction of NASH compared to the combination of
steatosis + borderline NASH, and also compared to borderline NASH separately.
Table 6.3

Overview of the calculated p‐values between the different AUCs.

Steatosis vs. NASH
Borderline NASH vs. NASH
Steatosis + Borderline NASH vs. NASH
Steatosis vs. Borderline NASH + NASH

Cathepsin D vs. ALT
p=0.0004
p=0.0011
p<0.0001
p=0.1030

Cathepsin D vs. CK‐18
p=0.0225
p=0.0003
p<0.0001
p=0.4299

CK‐18 vs. ALT
p=0.2840
p=0.9629
p=0.9204
p=0.4189

P‐values in bold indicate statistically significant differences.

Adding CK‐18 to cathepsin D improves the diagnostic accuracy to
predict pediatric NASH

6

To explore whether adding a liver‐specific marker, CK‐18, to cathepsin D would lead to
a better prediction of pediatric NASH, we plotted ROC curves of cathepsin D combined
with CK‐18. Whereas cathepsin D alone demonstrated an AUC of 0.94 for the
comparison of steatotic subjects vs. patients with NASH (Figure 6.4A), the
combination CK‐18 with cathepsins D resulted in an AUC of 0.998 (Figure 6.5A).
Compared to using cathepsin D alone, combining CK‐18 with cathepsin D did not
increase the AUC values for the differentiations borderline NASH vs. NASH, and
steatosis + borderline NASH vs. NASH (Figure 6.4B‐C; 6.5B‐C). When distinguishing
steatosis from borderline NASH + NASH patients by using cathepsin D individually, an
AUC value of 0.81 was reached (Figure 6.4D). Upon the addition of CK‐18, an AUC
value of 0.85 was obtained (Figure 6.5D). These data illustrate that adding CK‐18 to
cathepsin D contributes to reaching an optimal ROC curve for the diagnostic
prediction of pediatric steatosis vs. NASH.
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Steatosis vs. NASH

A

B

AUC: 0.998

C

Steatosis + Borderline NASH vs. NASH

AUC: 0.892

Borderline NASH vs. NASH

AUC: 0.858

D

Steatosis vs. Borderline NASH + NASH

AUC: 0.850

6
Figure 6.5

The diagnostic value of adding CK‐18 to cathepsin D. ROC curve analysis was performed to
assess the area under the curve (AUC) of using the combination of plasma CK‐18 with
cathepsin D to predict hepatic inflammation for the following differentiations; steatosis vs.
NASH (A); borderline NASH vs. NASH (B); steatosis combined with borderline NASH vs. NASH
(C) and steatosis vs. borderline NASH + NASH (D).

Discussion
Diagnosing NASH during childhood is of critical importance in order to prevent further
progression into NAFLD‐related cirrhosis and end‐stage liver disease during
adolescence. Therefore, understanding the mechanisms that cause progression to
NASH at an early age is crucial.
With the help of lysosomal enzymes, lysosomes are best known for its primary role in
protein degradation. However, lysosomal function is not merely restricted to
degradation of proteins, but increasing evidence now demonstrates that the
lysosomal compartment plays also a role in the immune system and can be seen as
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secretory vesicles.23,24 Numerous studies have shown that lysosomal cholesterol
accumulation inside macrophages is an event that occurs during inflammation and has
been detected in NASH as well as atherosclerosis.7,25 In line, cathepsins have been
shown to be significantly involved in mediating the inflammatory response and
cholesterol trafficking.13,26,27
Furthermore, it has been reported that cathepsin expression was impaired in the liver
of NAFLD patients, suggesting a pivotal role of these proteins in the setting of liver
inflammation that characterize the disease.14 In addition, these findings would
indicate that cathepsins are more likely to be involved during early stages of NAFLD,
rather than a reflection of a late consequence of inflammation. Indeed, in the current
study we showed that levels of plasma cathepsin D are decreased at early stages of
NASH, while these remain similar upon the different stages of fibrosis. This was in
contrast to plasma ALT, which showed an increase during late‐stage fibrosis and was
more representative for liver damage. Likewise, a correlation exists between
circulating cathepsin D and carotid intima‐media thickness, an indicator for
atherosclerosis.28 In line with these results, abnormal cathepsin D fractions were
associated with a lysosomal storage disease29, a disease predominantly characterized
by chronic systemic inflammation. Thus, it seems that lysosomal cholesterol
accumulation in KCs, and its subsequent effect on lysosomal enzyme homeostasis,
plays a central role in the development of childhood NASH. While many evidences
point to the link between lysosomal enzymes and NASH, the exact mechanisms that
lead to the secretion of the lysosomal content in plasma are not yet known.
Lysosomes are able to secrete its content, including lysosomal enzymes, via fusion
with the plasma membrane. Such fusion is a calcium‐dependent process and has been
shown to be sensitive for cholesterol levels. As a result, inducing lysosomal cholesterol
accumulation completely inhibited lysosomal exocytosis, suggesting that storage of
lysosomal cholesterol plays a crucial role in pediatric NASH.30 These data are in line
with previous results showing high cholesterol levels in KCs, as was indicated by
numerous cholesterol‐filled droplets in KCs of livers of NASH patients, while livers of
steatotic patients did not show this typical foam cell‐like phenotype.10 However,
foam‐cell like structures were so far only detected in NASH livers of adults, and still
needs to be confirmed in NASH livers of children.
Excessive cholesterol inside lysosomes can also damage the lysosomal membrane and
cause lysosomal membrane permeabilization. In turn, there is leakage of cathepsins
into the cytosol, whereby cathepsins can mediate the apoptotic signaling pathway.31
Thus, instead of extracellular secretion, less viable cells remain left to secrete
cathepsin D due to increased apoptosis.
The gold standard to diagnose pediatric NASH is still an invasive liver biopsy
procedure. However, due to its invasiveness, biopsies are not performed as a first
step. Therefore, clinicians rely on several non‐invasive methods to detect NASH in
children such as, liver markers (ALT/AST) and imaging techniques (ultrasound, CT scan
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and MRI). Currently, ALT is the primary clinical parameter to evaluate NAFLD in
children. However, by using a biopsy‐confirmed NAFLD cohort it was found that AST
and ALT have limited predictive power to discriminate between low and high NAS
scores in children with AUC values varying from 0.59 to 0.76.32 In line, normal ALT
levels were observed despite the presence of NAFLD, confirming a low correlation
between ALT and NAFLD.33 These data are confirmed in our study by demonstrating
low AUC (0.53‐0.59) and predictive values (PPV: 72.7% and NPV: 56.5%) for ALT in the
discrimination between NASH and no NASH.
A promising serum marker in adults is CK‐18, which is representative for hepatocyte
apoptosis. Recently, CK‐18 was tested in a biopsy‐proven children cohort, which
confirmed that CK‐18 is also an accurate way of predicting NASH vs. steatosis already
during early life.34 Similarly, a second pediatric study confirmed the high diagnostic
accuracy for CK‐18 in predicting NASH (AUC value: 0.93) and a PPV and NPV of 94%
and 72%, respectively.6 Comparable to these studies, we now found a high AUC value
(0.72) and similar PPV and NPV values of CK‐18 (72 and 100% respectively) for the
detection of NASH vs. steatosis, confirming that CK‐18 is accurate at diagnosing NASH
in children. However, in our cohort, plasma cathepsin D correlated better with
pediatric NAFLD disease progression than CK‐18. Altogether, in contrast to other
plasma parameters tested for pediatric NASH, our data suggest that plasma cathepsin
D is a highly accurate and early non‐invasive marker to distinguish steatosis vs. NASH
in children. In contrast to CK‐18, cathepsin D correlated significantly with NAFLD
severity.
Despite our significant findings, the cohort that was used is relatively small in patient
size and is of cross‐sectional nature. Additional cohorts and future longitudinal studies
are essential to validate plasma cathepsin D as a useful tool to detect pediatric hepatic
inflammation. Moreover, in view of statistics, a larger sample size would also boost
the statistical power. Furthermore, intervention studies should be performed to test
whether plasma cathepsin D could be implicated in the clinical follow‐up. As obtaining
liver biopsies from children with normal aminotransferases is rarely performed, all
pediatric individuals in the current study demonstrate abnormal aminotransferase
levels. As such, children with normal levels of aminotransferases are not included and
consequently, the level of plasma cathepsin D under healthy conditions is not known.
The same restriction holds true for studying cathepsin D in relation to NAFLD in
children or adults with a normal body mass index.
Altogether, in this study, we used a well‐defined biopsy‐proven population of children
and evaluated plasma levels of cathepsin D. We have demonstrated for the first time
that plasma cathepsin D is significantly decreased in children with NASH compared to
children with either steatosis or borderline NASH. Plasma cathepsin D holds high
diagnostic value and could be used as a promising non‐invasive clinical marker to
distinguish pediatric NASH patients from subjects with steatosis, especially upon the
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addition of CK‐18. Furthermore, this is the first human study to show that the
lysosomal compartment changes under inflammatory conditions. However, future
research is warranted to fully understand the novel role of lysosomes during the
development of early NASH. Moreover, whether cathepsin D can be used in clinical
practice as a non‐invasive marker for NASH, should be validated in additional larger
well‐defined NAFLD cohorts in children and adults.
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Supplementary table
Table S6.1

Different cut‐off values of cathepsin D, CK‐18 and ALT for distinguishing pediatric NASH
from steatosis.

Cathepsin D (pg/ml)
<19811
<19070
<18445
<16471
<14612
<13172
CK‐18 (U/L)
>257.0
>318.0
>327.5
>345.5
>364.5
>396.5
>411.5
ALT (U/L)
>34.0
>42.0
>54.5
>64.5
>76.5
>87.0
>169.0

Sensitivity %
100.0
100.0
100.0
96.2
92.3
88.5
Sensitivity %
100.0
84.0
72.0
60.0
48.0
8.0
4.0
Sensitivity %
84.6
76.9
69.2
61.5
34.6
26.9
19.2

Specificity %
79.0
84.2
89.5
89.5
89.5
89.5
Specificity %
47.4
57.9
63.2
73.7
84.2
89.5
100.0
Specificity %
21.1
36.8
52.6
68.4
79.0
84.2
100.0

PPV %
86.7
89.6
92.9
92.6
92.3
92.0
PPV %
72.2
73.7
72.8
75.7
80.6
51.0
100.0
PPV %
59.5
62.5
66.7
72.7
69.2
70.0
100.0

NPV %
100.0
100.0
100.0
94.4
89.5
85.0
NPV %
100.0
72.6
62.2
57.4
54.2
42.2
43.2
NPV %
50.0
53.8
55.6
56.5
46.9
45.7
47.5

6

PPV: positive predictive value, NPV: negative predictive value.
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Abstract
Background and aims
Non‐alcoholic steatohepatitis (NASH) is characterized by liver lipid accumulation and
inflammation. The mechanisms that trigger hepatic inflammation are poorly understood and
subsequently, no specific non‐invasive markers exist. We have previously demonstrated a
reduction in the plasma lysosomal enzyme, cathepsin D (CatD), in children with NASH compared
to children without NASH. Recent studies have raised the concept that NAFLD in adults is
distinct than children due to differences in the histological pattern in the liver. So far, the link
between plasma CatD to the development of adult NASH was not examined. In the current
manuscript, we investigated whether plasma CatD in adults correlates with NASH development
and regression.
Methods
Biopsies were histologically evaluated for inflammation and NAFLD in three complementary
cohorts of adults (total n=248). CatD and alanine aminotransferase (ALT) were measured in
plasma.
Results
In contrast to our previous observations with childhood NASH, in all three adult NASH cohorts,
we observed increased levels of plasma CatD in patients with NASH compared to adults without
liver inflammation. Furthermore, after surgical intervention, we found a significant reduction of
plasma CatD levels compared to the initial levels.
Conclusions
Our observations highlight a distinct pathophysiology between NASH in children and adults. The
observation that CatD levels were correlated with NASH development and regression is
promising. Additional studies in bigger NASH cohorts are warranted to explore the potential of
plasma CatD as a novel non‐invasive marker for NASH.
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Introduction
The current obesity epidemic is paralleled by an increasing prevalence of non‐
alcoholic steatohepatitis (NASH). NASH is characterized by hepatic lipid accumulation
(steatosis) and inflammation. While steatosis itself is generally considered benign and
reversible, the presence of inflammation will eventually set the stage for further liver
damage, including fibrosis, cirrhosis and liver cancer.1,2 Currently, an elevation in the
level of plasma alanine transaminase (ALT), a liver enzyme, is the primary clinical
abnormality detected in NASH patients. When hepatocellular injury is present, this
liver enzyme is released into the circulation. Although ALT is used as a tool for the
routine diagnosis of NASH, it lacks specificity and sensitivity to distinguish between
NASH and steatosis.3,4 In order to improve non‐invasive diagnosis of NASH, it is of
clinical relevance to investigate novel underlying mechanisms during NASH
pathophysiology. Although several processes have been identified that participate in
the development of liver inflammation, the actual mechanisms for the inflammatory
response remain uncertain.
We previously demonstrated a clear and direct association between hepatic
inflammation and lysosomal cholesterol accumulation inside Kupffer cells (KCs) of
low‐density lipoprotein receptor knockout (Ldlr‐/‐) mice fed a high‐fat, high‐cholesterol
diet.5‐7 In accordance with our observation in mice, cholesterol‐containing KCs were
also demonstrated recently in livers of NASH patients.8 The occurrence of lysosomal
cholesterol accumulation has been shown to induce disturbances in the lysosomal
(enzyme) trafficking pathway.9,10 In line, we previously detected modified levels of the
lysosomal enzyme, cathepsin D (CatD), in the plasma of children with NASH compared
to children without hepatic inflammation.11
Recent studies have raised the concept that NAFLD in children and adults is distinct
due to differences in the histological pattern in the liver as well as pathological
characteristics of the disease.12‐15 Thus far, the relationship between plasma CatD and
adult NASH has not been explored. Therefore, as a follow‐up study, we investigated in
the current paper whether plasma CatD in adults correlates with the development
and regression of NASH.
Here, we observed in three complementary cohorts of adults that plasma CatD is
significantly increased along the development of NASH. As the plasma CatD levels in
adults with NASH were the opposite of those previously found in children with
NASH11, we point toward the existence of a potential different pathophysiology
between NASH in children and adults. Our data further show that CatD responds to
intervention, and underlines the potential clinical relevance and diagnostic value of
plasma CatD in the context of NASH.
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Materials and methods
Human cohorts; Cleveland cohort, Maastricht cohort and the Kuopio
cohort
The design of this study includes three cohorts; the Cleveland cohort consists of NASH
patients from which biopsies were obtained and histologically evaluated for
inflammation after the detection of abnormal plasma ALT values. The second and
third population (the Maastricht and Kuopio cohort, respectively) include morbidly
obese patients that are unselected for ALT, i.e. biopsies were taken during bariatric
surgery regardless of their ALT levels. Subsequently, liver biopsies were histologically
graded for NASH. Patients from these cohorts are considered to have a wide spectrum
of fatty liver diseases, including early stages.

Definition Cleveland cohort
A total of 127 individuals (average body mass index (BMI) of 30.4 kg/m2) were
included, of which 43 had biopsy‐proven NASH. Subjects with non‐alcoholic fatty liver
disease (NAFLD) were recruited from the metabolic clinics of the Cleveland Clinic and
MetroHealth Medical Center in Cleveland, OH. Excluding criteria, informed consent,
approval, the procedure of obtaining and scoring of liver biopsies as well as blood
sampling of this NASH Cleveland cohort have been described previously.16‐18 See
Table 7.1 for the patient characteristics of the Cleveland cohort.
Table 7.1

7

Population characteristics of the Cleveland cohort.

n
Sex, male/female
Age, y
2
BMI, kg/m
Total cholesterol, mmol/l
HDL, mmol/l
LDL, mmol/l
Triglycerides, mmol/l
ALT, IU/l
AST, IU/l
AST/ALT ratio

Cleveland cohort
No inflammation
84
35 / 49
41.8 ± 1.3
28.2 ± 0.7
4.7 ± 0.1
1.3 ± 0.1
2.8 ± 0.1
1.3 ± 0.1
24.1 ± 2.1
24.2 ± 1.0
1.2 ± 0.1

Inflammation
43
17 / 26
45.8 ± 1.8
34.8 ± 0.8***
5.0 ± 0.2
1.1 ± 0.04*
3.2 ± 0.1*
1.8 ± 0.1*
77.0 ± 8.5***
60.2 ± 6.3***
0.9 ± 0.1***

Data are represented as mean ± SEM. Significantly different from No inflammation, * and *** indicates
p<0.05 and p<0.001, respectively.

Definition Maastricht cohort
Forty‐seven severely obese patients, with an average BMI of 46.7 kg/m2, undergoing
bariatric surgery at the Maastricht University Medical Center or at the Atrium Medical
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Center Parkstad, Heerlen, the Netherlands, were included in the study. Excluding
criteria, informed consent, the procedure of obtaining liver biopsies and blood
sampling of this Maastricht morbidly obese cohort has been described previously.19,20
See Table 7.2 for the population characteristics of the Maastricht cohort. Liver
biopsies were evaluated by a trained pathologist, according to the criteria of Brunt21
and Kleiner18 and graded for severity from NASH grade 1 (early‐stage), to NASH
grade 3 (late‐stage) (Table S7.1).
Table 7.2

Population characteristics of the Maastricht cohort.

n
Sex, male/female
Age, y
2
BMI, kg/m
Total cholesterol, mmol/l
HDL, mmol/l
LDL, mmol/l
Triglycerides, mmol/l
ALT, IU/l
AST, IU/l
AST/ALT ratio

Normal
12
5 / 12
40.5 ± 2.3
43.5 ± 2.0
4.9 ± 0.3
0.9 ± 0.1
3.1 ± 0.2
1.8 ± 0.2
18.2 ± 1.1
18.3 ± 2.2
1.1 ± 0.2

Maastricht cohort
Steatosis
8
0/8
40.0 ±3.9
44.6 ± 2.5
5.4 ± 0.3
1.0 ± 0.1
3.4 ± 0.4
2.2 ± 0.4
28.7 ± 5.1*
22.4 ± 2.8
0.8 ± 0.l

NASH
27
8 / 19
,
48.5 ± 2.0* #
48.8 ± 1.8
5.5 ± 0.3
1.0 ± 0.1
3.5 ± 0.2
2.8 ± 0.6
29.0 ± 2.9*
29.5 ± 2.6*
1.1 ± 0.1

Data are represented as mean ± SEM. * and # indicate p<0.05. Asteriks (*) indicate significant changes
compared with Normal. Hashtag (#) indicates significant changes compared with Steatosis.

Definition Kuopio cohort
All patients undergoing obesity surgery in Kuopio University Hospital are recruited
into our ongoing study investigating metabolic consequences of obesity surgery
(Kuopio Obesity Surgery Study).22,23 The study group included 74 consecutive subjects,
with an average BMI of 44.0 kg/m2, who were accepted for Roux‐en‐Y gastric bypass
(RYGB) operation over the years 2005‐2010. See Table 7.3 for the general population
characteristics at the start of intervention. The study protocol has been approved by
the Ethics Committee of the Northern Savo Hospital District (54/2005, 104/2008 and
27/2010), and it was performed in accordance with the Helsinki Declaration. Written
informed consent was obtained from the subjects. All patients with alcohol
consumption >2 doses per day were excluded from the study. Chronic hepatitis B and
C were excluded using serology if ALT values were elevated prior to surgery (HCV and
HBV infections are rare in Finland). Hemochromatosis was excluded by histological
analysis of liver biopsies, and by normal serum ferritin levels in subjects that had
elevated serum ALT level. Blood samples were taken after 12 hour fasting before the
obesity surgery and 12 months after the surgery. Plasma lipids and aminotransferases
were analyzed as described before.22,23 Liver biopsies were obtained using Trucut
needle (Radiplast AB, Uppsala, Sweden) or as a wedge biopsy during elective gastric
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bypass operation. Overall histological assessment of liver biopsy samples was
performed by one pathologist according to the standard criteria for scoring NAFLD.24
Table 7.3

Population characteristics of the Kuopio cohort

n
Sex, male/female
Age, y
2
BMI, kg/m
Total cholesterol, mmol/l
HDL, mmol/l
LDL, mmol/l
Triglycerides, mmol/l
ALT, IU/l
AST, IU/l
AST/ALT ratio

Kuopio cohort
Steatosis
23
3 / 20
46 ± 2.0
44.6 ± 1.0
4.0 ± 0.2
1.0 ± 0.04
2.3 ± 0.2
1.6 ± 0.1
42.7 ± 3.8
27.1 ± 1.7
0.7 ± 0.03

Normal
29
8 / 21
50 ± 1.7
42.8 ± 1.2
4.1 ± 0.1
1.1 ± 0.05
2.3 ± 0.1
1.4 ± 0.1
36.9 ± 5.0
28.6 ± 2.8
0.8 ± 0.07
#

NASH
22
10 / 12
47 ± 2.0
44.7 ± 1.3
, ##
5.0 ± 0.3**
1.1 ± 0.09
, ##
3.0 ± 0.2**
1.9 ± 0.2*
64.1 ± 10.6*
,#
46.8 ± 8.4 *
0.8 ± 0.1

##

Data are represented as mean ± SEM. Similar to * and **, and indicate p<0.05 and p<0.01, respectively.
#
Asteriks (*) indicate significant changes compared with Normal. Hashtag ( ) indicates significant changes
compared with Steatosis.

Human cathepsin D enzyme‐linked immunosorbent assay
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Plasma samples were diluted and CatD levels were determined by the CatD enzyme‐
linked immunosorbent assay according to the manufacturers’ protocol (Uscn Life
Science Inc, Wuhan, China). The detection limit ranges approximately from 46.88 to
3,000 pg/ml. Coefficients of variation (CV%) for intra‐ and inter assays are <10 and
<12% respectively. CatD measurements were performed blinded to the histology
findings of the study participants.

Statistical analysis
The data were analysed by performing two‐tailed non‐paired t‐tests using GraphPad
Prism for comparing the different groups. The data were expressed as mean ± SEM
and considered significant at p<0.05. The diagnostic accuracy of the combination ALT
with CatD was calculated as described previously.11

Results
General population characteristics of the Cleveland cohort
ALT was significantly higher in patients with liver inflammation compared to their age‐
and gender‐matched control subjects (p<0.001) (Table 7.1). BMI, low‐density
lipoprotein (LDL), triglycerides and aspartate aminotransferase (AST) were all
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increased in subjects scored for liver inflammation compared to their matched
controls. In line, plasma high‐density lipoprotein (HDL) and the AST/ALT ratio were
reduced in the group with liver inflammation.

Elevated CatD levels in plasma of patients with liver inflammation
To determine whether CatD is elevated in NASH patients, CatD and ALT were
measured in plasma of the Cleveland cohort. As expected, we found a significant
increase of CatD in relation to liver biopsies of patients that demonstrate
inflammation, compared to those without liver inflammation (No inflammation vs.
inflammation: p<0.001) (Figure 7.1A). Next, we investigated the correlation between
plasma ALT and CatD. Plasma CatD demonstrated a strong positive correlation with
ALT (Pearson’s r=0.57, p<0.001) (Figure 7.1B). These results suggest that plasma CatD
levels are linked to the pathogenesis of NASH.

Figure 7.1

CatD associated with ALT and inflammation. (A) CatD in plasma of subjects with or without
liver inflammation (n = 127). (B) The Pearson correlation test was used to calculate the
correlation coefficient (r) between plasma CatD and ALT. *** indicates p<0.001.

Population characteristics of the Maastricht cohort
To test whether plasma CatD is elevated already during early‐stage of NASH, we used
the Maastricht cohort consisting of patients with a wide range of fatty liver disease.
Clinical characteristics of the patient population from this cohort are presented in
Table 7.2. The BMI from the cohort tested, ranged from 30.7 to 73.6 kg/m2 with an
overall average of 46.7 kg/m2. The average plasma levels of ALT and AST were
significantly higher in NASH patients as compared to subjects with a healthy liver
(p=0.018 and p=0.019 respectively). Patients in the NASH group were significantly
older compared to patients with a healthy liver (p=0.021) and to those who had
steatosis (p=0.049). Importantly, there was no difference with respect to all other
parameters (i.e. BMI, plasma total cholesterol, HDL, LDL, triglycerides and the AST/ALT
ratio). Liver specimens of 27 NASH patients were histologically classified according to
the scoring systems of Brunt and Kleiner. Most NASH subjects (14 out of 27) included
121
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displayed mild NASH (grade 1), as summarized in Supplementary Table S7.1. The
majority of NASH patients showed steatosis score 2, ballooning score 1, lobular
inflammation score 1, and no or little fibrosis.

Plasma CatD distinguishes NASH patients from subjects without
hepatic inflammation and correlates with histological classifications of
NAFLD
The level of CatD was significantly higher in subjects with NASH compared to
individuals with either simple steatosis or a healthy liver (NASH vs. normal: p=0.031;
NASH vs. steatosis: p=0.0065) (Figure 7.2A). More importantly, patients with a mild
score for NASH grade, i.e. grade 1, showed an increase in plasma CatD compared to
patients without NASH (p=0.0018) (Figure 7.2B). The same significant trend holds true
with respect to lobular inflammation, where CatD levels were already increased with
mild disease as observed for NASH grade 1 (p=0.0295) (Figure 7.2C). In addition, CatD
was strongly elevated upon mild steatosis, i.e. score 1, compared to patients without
steatosis (p=0.019), and decreased upon severity of steatosis (Figure 7.2D). Similar to
NASH grade, lobular inflammation and steatosis, CatD was primarily elevated upon
mild fibrosis (score 1 and 2) compared to patients that did not show fibrosis (p=0.002
and p=0.019, respectively) (Figure 7.2E). Moreover, total cholesterol levels correlated
with plasma CatD (Figure 7.2F). In summary, the plasma levels of the lysosomal
enzyme CatD are increased in plasma of morbidly obese patients with NASH
compared to the patients with a normal liver phenotype or steatosis alone. These data
also suggest that plasma CatD correlates specifically with NAFLD severity, already
from the early phase, and with cholesterol levels.

7

In contrast to ALT, CatD correlates with early stages of NASH
Currently, plasma ALT is the most common diagnostic tool in the clinic to detect
hepatocellular injury during NASH. Significantly increased ALT levels were observed in
patients with NASH and steatosis (NASH vs. normal: p=0.018; steatosis vs. normal:
p=0.019) (Figure 7.3A). While plasma CatD could differentiate NASH from steatosis,
there was no difference in ALT concentrations between livers with NASH and
steatosis, indicating that CatD correlates better with the spectrum of NAFLD than ALT.
Moreover, ALT was only increased upon more advanced degrees of hepatic
inflammation (NASH grade 2 vs. grade 0: p=0.003; NASH grade 3 vs. grade 0: p<0.001)
(Figure 7.3B), whereas CatD demonstrated to be elevated already during mild NASH
(NASH grade 1). Plasma CatD was significantly higher in the early degrees of steatosis,
lobular inflammation and fibrosis, whereas this was not true for ALT (Figure 7.3C‐E). A
correlation was found between CatD and total cholesterol, whereas no similar
correlation could be detected for ALT (Figure 7.3F). Thus, in contrast to ALT, CatD was
elevated upon early NAFLD severity and could distinguish NASH from steatosis in adult
subjects with morbid obesity.
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Figure 7.2

CatD in plasma of morbidly obese patients undergoing bariatric surgery. (A) CatD in plasma
of severely obese patients with a normal liver phenotype, steatosis and NASH (n=47).
According to Brunt’s criteria, patients were divided for NASH grade (B). Lobular inflammation
(C), steatosis (D) and fibrosis (E) were categorized according to Kleiner’s scoring system.
(F) The Pearson correlation test was used to calculate the correlation coefficient (r) between
plasma CatD and total cholesterol levels. *Significantly different from normal. * and **
indicate p<0.05, and 0.01, respectively.

Potential clinical significance of using plasma CatD as an additional
non‐invasive screening method for NASH
Since our results suggest a strong association between increased plasma CatD and
early‐stage NASH, we next investigated the potential significance of plasma CatD for
the diagnosis of NASH by using the area under the curve (AUC) of plotted receiver‐
operating characteristic (ROC) curves in the Maastricht cohort. Such a statistical
analysis in the Maastricht cohort, with a relative small sample size, gives an indication
whether plasma CatD could be potentially clinical relevant for the non‐invasive
detection of NASH.
Normal & Steatosis vs. NASH
First, we compared plasma ALT and CatD levels in normal + steatotic subjects vs.
patients with NASH. The AUC of ALT alone was estimated to be 65%, whereas CatD
displayed an AUC of 77% (Figure 7.4A). Notably, combining both enzymes led to an
increase in the AUC from 65% to 77% compared to ALT alone (Supplemental Figure
S7.1). Thus, the addition of CatD to ALT improved the diagnostic value for
distinguishing NASH subjects from those who are healthy or have steatosis.
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Figure 7.3

Human plasma ALT levels. (A) Plasma ALT in severely obese patients with either a normal,
steatotic or NASH liver (n = 47). Patients were classified for NASH grade (Brunt’s score)
(B) lobular inflammation (C) steatosis (D) and fibrosis (E) (Kleiner’s score). (F) The Pearson
correlation test was used to calculate the correlation coefficient (r) between plasma ALT and
total cholesterol levels *Significantly different from normal. *, ** and *** indicate p<0.05,
0.01, and 0.001 respectively.

Steatosis vs. NASH

7

Whereas ALT alone demonstrated low predictive power to discriminate steatosis from
NASH (AUC: 51%), CatD demonstrated improved the predictive value with an AUC of
84% (Figure 7.4B). In comparison to CatD alone, similar diagnostic values were
obtained when ALT and CatD were combined with an AUC value of 84%
(Supplemental Figure S7.1). In short, taking plasma CatD into account, the diagnostic
prediction for NASH became considerably more accurate than by using ALT alone.
Normal vs. NASH
Almost similar AUC values were obtained for ALT and CatD (74% and 73%
respectively) for the differentiation between NASH from healthy individuals (Figure
7.4C). Combining the two enzymes resulted in a minor increase of the AUC value to
77% (Supplemental Figure S7.1). The relatively high AUC value of ALT alone for the
differentiation between NASH and healthy individuals remained roughly equal upon
addition of CatD.
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Figure 7.4

Diagnostic accuracy of ALT and CatD for predicting NASH. ROC curve analysis was used to
assess the area under the curve (AUC), the sensitivity and specificity of ALT and CatD in
predicting NASH for the following comparisons: healthy & steatotic subjects vs. subjects with
NASH (A); subjects with steatosis vs. NASH (B); and normal vs. NASH subjects (C).

To test the intervention effect on plasma CatD levels, we included an additional liver
biopsy‐proven cohort, which were monitored following a one‐year intervention.
Before the start of the intervention, CatD levels were increased in adults with NASH
compared to adults who did not show signs of liver inflammation (normal vs. NASH:
p=0.039) (Figure 7.5A), herewith confirming our previous data in this manuscript
(Figure 7.1A and Figure 7.2A). Likewise, CatD correlated with total cholesterol levels in
plasma (Figure 5B). The absolute difference of plasma CatD was calculated before and
after intervention and demonstrated a significant reduction upon intervention of
NASH patients compared to intervention of their healthy individual controls (p=0.007)
(Figure 7.5C). These data suggest for the first time that plasma CatD can be used in
the clinical follow‐up of adult NASH patients.

Figure 7.5

Plasma CatD levels in the Kuopio cohort. (A) CatD in plasma of patients with a normal liver
phenotype, steatosis and NASH (n=74). (B) Correlation between CatD and total cholesterol.
(C) The absolute difference of plasma CatD was calculated before and after one‐year of
surgical intervention of normal, steatotic and NASH subjects.

125

7

Chapter 7

Discussion
The exact mechanisms leading to NASH remain largely unknown. Diagnosing NASH is
of critical importance in order to prevent further progression into NAFLD‐related
cirrhosis and end‐stage liver disease. Therefore, better understanding of the
mechanisms that cause progression to NASH is important.
We have recently established a strong association between CatD in pediatric NASH
and children without hepatic inflammation.11 In the current paper, we observed an
association between plasma CatD and NASH in three biopsy‐proven cohorts of adults.
Strikingly, whereas we found a decrease of plasma CatD in NASH children, we now
have found an increase of CatD in the plasma of adults with NASH. These findings
suggest a difference in disease pathology between NASH in adults and in children.
Furthermore, our observations point to plasma CatD as a useful non‐invasive tool to
improve NASH diagnosis in adults.

7

Under normal conditions, cholesterol is internalized by macrophages and directed to
the lysosome for further processing. After hydrolysis, cholesterol is transferred from
the lysosome to the cytoplasm where cholesterol is degraded by bile acids or secreted
via cholesterol efflux. The difference in pathophysiology between NASH in children
and adults could be due to age‐dependent changes of the lysosomal compartment.
Indeed, lysosomal function has previously been shown to be an age‐dependent
process, whereby the amount of lysosomes increases upon ageing.25‐27 These data
suggest that at a young age, the amount of lysosomes is low and consequently the
cells have difficulties to cope with excessive amounts of cholesterol. As such, upon
high‐cholesterol circumstances, the stability of the lysosomal membrane is likely to
decrease,28 which can eventually lead to lysosomal rupture and subsequent lysosomal
enzyme release into the cytosol. Lysosomal enzyme secretion into the plasma is
hereby prevented and, instead, the cytosolic lysosomal enzymes activate the
apoptotic signaling pathway inducing rapid cell death.29 This mechanism could explain
the reduction of CatD in the plasma of pediatric subjects with NASH compared to
subjects without liver inflammation.11 In contrast to young cells, older cells possess a
higher number of lysosomes,25‐27 suggesting increased cholesterol storage capabilities
inside the cells. It is therefore likely that adult lysosomes can cope better with the
cholesterol accumulation and would be less likely to rupture. Nevertheless,
cholesterol‐filled lysosomes have been shown to induce disturbances in the lysosomal
enzyme trafficking pathway9,10 leading to increased levels of lysosomal enzymes in
plasma.30,31 Plasma LDL oxidation can be viewed as a representative parameter of
oxidative stress and has shown to be induced in healthy elderly compared to young
controls and therefore is strongly associated with the course of ageing.32,33 In vitro,
particularly the intracellular accumulation of the oxidized LDL (oxLDL) fraction has
been shown to enhance extracellular secretion of pro‐CatD.34,35 Altogether, the
observed differences between NASH in children and adults could be explained by the
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fact that secretion of CatD into the plasma is dependent on age‐related changes of the
lysosomes and is dependent on accumulation of specific lipid species. In line, several
studies indeed describe that the histological and pathological characteristics of NASH
are age dependent.12‐15 Further studies are warranted to precisely determine the
contribution of lysosomes to NASH disease pathology in children and adults.
With the help of lysosomal enzymes, lysosomes are best known for its primary role in
protein degradation. However, protein degradation during NASH seems to be
disturbed, as we have recently established a clear association between hepatic
inflammation and increased cholesterol accumulation in lysosomes of KCs.5 This is
underlined by the fact that KCs compromise 15‐20% of the total number of livers
cells36 and account for the main hepatic uptake of modified cholesterol‐rich
lipoproteins from the circulation.37 Additionally, numerous studies have shown that
lysosomal cholesterol accumulation inside macrophages is an event that occurs during
inflammation and has been detected in NASH as well as atherosclerosis.5,38 These data
are in line with previous results showing high cholesterol levels in KCs, as was
indicated by numerous cholesterol‐filled droplets in KCs of livers of NASH adults, while
livers of steatotic patients did not show this typical foam cell‐like phenotype.39
Lysosomal function is not merely restricted to degradation of proteins, such as
cholesterol, but increasing evidence now demonstrates that the lysosomal
compartment can also be seen as vesicles that can secrete its content, for example
lysosomal enzymes.40,41 Cathepsins, a specific class of lysosomal enzymes, have been
shown to be significantly involved in mediating the inflammatory response and
cholesterol trafficking.42‐44 Furthermore, we have recently reported that plasma CatD
was strongly associated with pediatric NASH.11 Likewise, a correlation exists between
CatD and atherosclerosis45, as well as with a lysosomal storage disease.46 Interestingly,
both these diseases are predominantly characterized by chronic systemic
inflammation and excessive cholesterol storage inside macrophages. In line, in the
current paper, we show that CatD is correlated with histological classifications for
NASH as well as with cholesterol. These evidences point to a strong link between CatD
and cholesterol‐mediated inflammation. Therefore, it seems reasonable that
lysosomal cholesterol accumulation in KCs, and its subsequent effect on lysosomal
enzyme homeostasis, is a central mechanism in the development of NASH.
Several plasma markers that have been tested as a potential screening method for
NASH are in relation to apoptosis (cytokeratin‐18 fragments)47, inflammation
(cytokines and adipokines)48 and advanced glycation end products.49 Numerous
studies screening NASH patients for individual cytokeratin‐18 (CK‐18) fragments
described a high diagnostic accuracy with an AUC between 71 and 93%.50 Our
observations for analyzing CatD individually to distinguish NASH from steatotic
patients are within the same high accuracy range as CK‐18 with an AUC of 84%.
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However, whereas CatD correlated with early signs of inflammation, CK‐18 represents
liver damage and fibrosis.47 Combining two biomarkers such as total cytokeratin‐18
(M65) with interleukin‐6 yielded an AUC of 83% and 84% for adiponectin and M65.51
In line with this approach, we presented the combination ALT and CatD with a similar
high AUC of 84% for separating NASH from steatotic patients. These data suggest that
including one liver‐specific parameter (i.e. ALT) could increase the diagnostic accuracy
for detecting a liver disease such as NASH. In contrast to ALT, increased CatD levels in
the plasma are representative for early‐stage hepatic inflammation.
Furthermore, we have shown for the first time that plasma CatD responded to a
1‐year follow‐up period after a gastric bypass intervention of NASH patients. Although
no follow‐up liver biopsies were obtained in the current study, gastric bypass
intervention has previously been shown to resolve histopathological features of
NASH.52 While plasma CatD responded to intervention, changes in plasma CK‐18 levels
following intervention of NASH patients have not been defined so far.53 Contradictive
results have been found concerning plasma transaminases after surgical intervention,
while others demonstrated a correlation between histological improvement of NASH
and lower ALT and AST after follow‐up54, some did not find a difference
postoperatively.52 Thus, besides NASH diagnosis, plasma CatD can potentially be used
in the clinical follow‐up and regression of NASH. Future trials are necessary to validate
the response of plasma CatD upon intervention.

7

In the current study, we have found a strong association between plasma CatD and
NASH in adults. In contrast to childhood NASH, we now demonstrated elevated CatD
levels in plasma of NASH adults. These data suggest the existence of a distinct disease
pathology between NASH in children and adults. Plasma CatD holds potential clinical
utility as it correlated with histological characteristics of NASH and regression of this
disease. Mechanistically, these findings point to the important role of lysosomes in
the development of NASH and should be further investigated.
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Supplemental table
Table S7.1

Histological scoring of liver biopsies from NASH subjects of the Maastricht cohort.

Brunt score
Grade 1
Grade 2
Grade 3
Kleiner score
Steatosis

Definition
Mild
Moderate
Severe

Ballooning

Lobular inflammation

Fibrosis

NASH subjects (n = 27)
14
7
6

<5% (score 0)
5‐33% (score 1)
33‐66% (score 2)
>66% (score 3)
None (score 0)
Few balloon cells (score 1)
Prominent ballooning (score 2)
None (score 0)
<2 foci per 200x field (score 1)
2‐4 foci per 200x field (score 2)
>4 foci per 200x field (score 3)
None (score 0) / Nondefined
Perisinusoidal or periportal (score 1)
Perisinusoidal and portal/periportal (score 2)
Bridging fibrosis (score 3)
Extensive bridging fibrosis, cirrhosis (score 4)

Supplemental figure
Figure S7.1
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Diagnostic accuracy of the combination ALT and CatD for predicting NASH.
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Abstract
Many studies show an association between the accumulation of cholesterol inside lysosomes
and the progression towards inflammatory disease states that are closely related to obesity.
While in the past the knowledge regarding lysosomal cholesterol accumulation was limited to
its association with plaque severity during atherosclerosis, recently a growing body of evidence
indicates a causal link between lysosomal cholesterol accumulation and inflammation. These
findings make lysosomal cholesterol accumulation an important target for intervention in
metabolic diseases that are characterized by the presence of an inflammatory response.
In this review, we aim to show the importance of cholesterol trapping inside lysosomes to the
development of inflammation by focusing on cardiovascular disease and non‐alcoholic
steatohepatitis (NASH) in particular. We summarize current data supporting the hypothesis that
lysosomal cholesterol accumulation is playing a key role in the development of inflammation
during atherosclerosis and NASH. In addition, potential mechanisms by which disturbed
lysosomal function can trigger the inflammatory response, the challenges in improving
cholesterol trafficking in macrophages and recent successful research directions will be
discussed.
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Introduction
Nowadays, obesity is seen as one of the leading health concerns worldwide. The
dramatically increasing occurrence of obesity in Western countries is accompanied by
an increase in the prevalence of related conditions such as cardiovascular disease,
stroke, type 2 diabetes, fatty liver disease and certain types of cancer. Also among
children, obesity is causing a broad range of health problems including high blood
pressure and elevated blood cholesterol levels. Therefore, there is a critical need to
improve treatment options for obesity‐related inflammatory disorders. In order to do
so, the etiology of the diseases needs to be clarified. A common feature of obesity and
related conditions is the presence of inflammation in different tissues, such as the
vessel wall during atherosclerosis and the liver during non‐alcoholic steatohepatitis
(NASH). Although the exact mechanism that triggers and sustains this inflammatory
state is not known, macrophages have been shown to play a central role.
Interestingly, recent investigations have indicated lysosomal cholesterol accumulation
in macrophages as a novel pathway that contributes to the inflammatory response
during cardiovascular disease and NASH.1‐3 In this manuscript, we will discuss the role
of cholesterol trapping inside lysosomes of macrophages during atherosclerosis and
NASH and its contribution to the sustained inflammatory response. Additionally, we
will describe potential targets for improving cholesterol trafficking in macrophages
and recent successful research directions.

Foam cell formation
The central role of macrophages in triggering inflammation in different tissues has
been extensively reviewed by others.4,5 Upon activation by different stimuli, tissue
resident macrophages secrete pro‐inflammatory cytokines, resulting in the
recruitment and activation of macrophages from the circulation. During
atherosclerosis and NASH, which are characterized by the presence of inflammation,
the accumulation of lipid‐laden macrophages, termed foam cells, is critical for, and
increases with the progression of disease.6,7 These so‐called lipid‐laden macrophages
are formed upon uptake of lipoproteins containing triglycerides (TG) and cholesterol.
Lipoproteins rich in TG can induce TG accumulation leading to foam cell formation via
receptor‐mediated uptake of triglyceride‐rich lipoproteins (TGRLs) and free fatty
acids. These free fatty acids are generated from triglyceride‐rich chylomicrons and
very low‐density lipoproteins (VLDL), which are metabolized in the cells or stored as
TG.8
Besides TGRLs, cholesterol‐rich low‐density lipoproteins (LDL) are also known to be
involved in foam cell formation. Importantly, a clear separation must be addressed
between the uptake of non‐modified LDL and the uptake of LDL particles that are
modified. Non‐modified LDL is taken up by cells via receptor‐mediated endocytosis, a
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mechanism by which cells recognize extracellular ligands by the LDL receptor (LDLR)
and subsequently internalize these ligands by inward budding of the plasma
membrane.9 Upon binding to the LDLR, LDL is internalized as clathrin coated vesicles
that are then converted into endosomes. Here, a more acidic pH (4.5 to 5) exists,
which leads to the dissociation of the ligand‐receptor complex. The LDLR is recycled to
the surface of the cell, and the endosomes combine with lysosomes which contain
acid hydrolases that can easily degrade all components of LDL. After hydrolysis,
cholesterol is transferred into the cytoplasm via Niemann‐Pick type C (NPC) proteins
where it can be further degraded to bile acids or secreted via cholesterol efflux
transporters. The cholesterol derived from LDL in the lysosome was found to be
responsible for the regulation of processes that stabilize cholesterol content of the
cell.9 First of all, it suppresses the activity of 3‐hydroxy‐3methylglutaryl coenzyme A
reductase (HMG‐CoA reductase), which catalyzes a rate‐limiting step in cholesterol
production.10 Next to that, LDL‐derived cholesterol is able to activate a cholesterol‐
esterifying enzyme, acyl CoA: cholesterol acyl‐transferase (ACAT), thereby storing
excess cholesterol as cholesteryl droplets in the cytoplasm.11 Additionally, the LDL
receptor is subject of feedback regulation as LDL suppresses the transcription of the
LDL receptor gene, thereby regulating the number of LDL receptors on the cell
surface.10 Taken together, several mechanisms exist to prevent the formation of foam
cells from non‐modified LDL uptake.
Unlike the uptake of non‐modified LDL, in vitro studies have shown that the uptake of
oxidatively modified LDL by macrophages can contribute to cholesterol accumulation
and subsequent formation of foam cells.12,13 These oxidized LDL fractions are taken up
by scavenger receptors (SRs), present on macrophages, which were proven not to be
downregulated in response to an increase in cellular cholesterol content, indicating
that SR‐mediated LDL uptake is the main cause for foam cell formation.14 The two
main SRs responsible for the uptake of modified LDL by macrophages are scavenger
receptor A (SR‐A) and CD36.14 Next to SR‐mediated uptake of modified LDL, but to a
much lesser extent, the phagocytic uptake of aggregated LDL by macrophages is an
additional proposed mechanism that contributes to foam cell formation.15 In
summary, whereas the processes involved in LDL uptake are tightly regulated and
protect cells from becoming foam cells, the uptake of modified LDL was found to be
responsible for the development of foamy macrophages.
During obesity, apart from increased levels of cholesterol‐rich LDL, also increased
oxidative stress is present, leading to the increased conversion of LDL to oxLDL.16,17
Under healthy conditions, the fraction of oxLDL in the plasma is very small compared
to LDL (0.001%).18,19 In patients with the metabolic syndrome, the fraction of oxLDL
was shown to be increased to 0.6‐1.8% compared to controls20, whereas patients with
acute coronary heart disease had fractions up to 5%.21 While the uptake of
cholesterol‐rich LDL is tightly regulated and inhibited upon excess amounts, uptake of
oxLDL is not inhibited.22 As such, it is important to keep the fraction of oxLDL as low as
possible.
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Disturbed intracellular cholesterol trafficking in
macrophages during inflammation
Circulating modified cholesterol‐rich LDL is taken up by macrophages and initially
directed to lysosomes for degradation. Lysosomes are ubiquitous membrane‐bound
organelles that contain acid hydrolases, i.e. digestive enzymes that are responsible for
the correct degradation of the lysosomal content. Under normal conditions,
cholesterol becomes hydrolyzed and the free cholesterol that is formed can be
transferred by the Niemann‐Pick type C (NPC) proteins 1 and 2 from the lysosome to
the cytoplasm. The majority of cholesterol is then used for bile acid formation or
mobilized to the plasma membrane, whereas excess cholesterol is either stored as
cholesteryl esters (CE) in cytoplasmic lipid droplets or excreted during reverse
cholesterol transport via the ATP‐binding cassette transporters (ABCs) A1, G1, B4, or
via the scavenger receptor class B type I (SR‐BI). By this means, the cells are provided
with sufficient cholesterol for cellular functions, without overloading.23
While previously it was believed that foamy macrophages are responsible for the
observed inflammatory response, recent studies suggest that the intracellular
cholesterol distribution plays an important role in triggering inflammation.
Specifically, cholesterol accumulation inside lysosomes is found to be associated with
an inflammatory state.1,24 An important lysosomal enzyme that hydrolyzes CE and TG
from internalized lipoproteins is lysosomal acid lipase (LAL). In humans, LAL is
encoded by the LIPA gene and mutations of this gene lead to LAL deficiency and
subsequent lysosomal cholesterol accumulation, which involves premature
cardiovascular disease.25 Moreover, mice with a deficiency in LAL are, analogous to
patients with LAL deficiency, characterized by lysosomal cholesterol accumulation and
inflammation.26 Likewise, exogenous LAL administration in LDL receptor knockout
(Ldlr‐/‐) mice on a high‐fat, high‐cholesterol (HFC) diet resulted in decreased lysosomal
cholesterol storage and to a significant reduction in hepatic inflammation and
atherosclerotic lesion size.27
While non‐modified LDL is degraded normally and stored mainly in extra‐lysosomal
compartments, cholesterol delivered to macrophages in the form of oxLDL, which is
increasingly present during obesity, fails to efflux normally and was found to result in
lysosomal cholesterol accumulation.13 In an in vitro set‐up, the uptake of oxLDL by
macrophages was shown to partially inactivate lysosomal enzymes, thereby leading to
increased cholesterol storage inside lysosomes.28 It was recently shown that the
uptake of oxLDL, and not native LDL, by macrophages is a trigger for
inflammation.2,3,12,29‐31 Thus, unlike the uptake of native LDL, oxLDL uptake by
macrophages results in the accumulation of cholesterol in lysosomes, thereby
triggering the inflammatory response.
Lysosomal cholesterol accumulation is observed in two important aspects related to
obesity, being atherosclerosis and NASH. In foam cells of advanced atherosclerotic
plaques, most of the cholesterol appears to be trapped in lysosomes. Electron
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microscopic observations of lesions confirmed that much of the accumulated lipids in
foam cells occurred within large, lipid‐engorged lysosomes.32 These findings were
confirmed in both human lesions and atherosclerotic lesions in animal models of the
disease.33‐35 More recently, our group has shown that also in the liver the uptake of
oxLDL by Kupffer cells, the resident macrophages of the liver, is correlated with
lysosomal cholesterol accumulation and increased hepatic inflammation during NASH
development in Ldlr‐/‐ mice.29,36 Taken together, these studies suggest that the
intracellular cholesterol distribution plays a critical role in the onset of inflammation
and in the pathogenesis of conditions related to obesity, such as atherosclerosis and
NASH.

Mechanisms linking lysosomal cholesterol accumulation and
inflammation
Currently, several mechanisms can link lysosomal cholesterol accumulation and
inflammation. In this review, we focus on the effect of cholesterol trapping in
lysosomes that concerns autophagy, inflammasome activation and lysosomal
cathepsin release (Figure 8.1).

8

Figure 8.1
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Potential mechanisms linking lysosomal oxLDL accumulation and inflammation. Lysosomal
oxLDL accumulation can lead to inflammation via several mechanisms. First, lysosomal
cholesterol trapping can lead to inhibition of autophagy due to improper fusion between
lysosomes and autophagosomes. Next, as a result of lysosomal cholesterol accumulation,
cholesterol crystals will be formed and subsequent inflammasome activation will occur. Due
to lysosomal membrane damage, cathepsins may be released into the cytosol leading to
mitochondrial dysfunction and apoptosis. Alternatively, cathepsins may be secreted from the
cell due to disturbed lysosomal trafficking, thereby degrading the extracellular matrix (ECM).
Finally, apart from cholesterol crystals, cytosolic cathepsins and reduced autophagy can
activate inflammasomes, thereby potentially leading to increased inflammation.
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Autophagy
Autophagy is an important process for the degradation of cellular components such as
misfolded proteins or damaged cell organelles. The accumulation of cholesterol inside
lysosomes can result in lysosomal dysfunction and inhibition of autophagy, as a block
in autophagy is observed during different lysosomal storage disorders (reviewed
elsewhere).37‐40 Lysosomes play a fundamental role during autophagy as these
organelles fuse with autophagosomes to digest their content. This process can
produce energy under starvation but is also involved in maintenance of homeostasis
through the degradation and resynthesis of damaged components. Recent studies
have discovered new protective functions for autophagy, such as the regulation of
intracellular lipid stores41, as well as a role in immunity, cell death and inflammation.37
A possible explanation for disturbed autophagy is that lipid accumulation alters
membrane structure, thereby leading to improper fusion between lysosomes and
autophagosomes. Changes in membrane lipid composition significantly reduced the
number of fusion events between lysosomes and autophagosomes, both in vitro as
well as in vivo.42 In addition, it was shown that cholesterol abnormalities in lysosomal
storage disorders affect soluble N‐ethylmaleimide attachment protein receptors
(SNAREs), which are key components of the fusion machinery between lysosomes and
autophagosomes.43
Besides evidence of disturbed autophagy in lysosomal storage disorders, it may also
play a prominent role in obesity and related complications. During obesity, adipose
tissue expansion occurs due to increased size and number of adipocytes. Interestingly,
autophagy was found to regulate adipose mass and differentiation as decreased
autophagy in adipocytes was reported to result in conversion of white adipocytes to
brown adipocytes.44 Autophagy deficiency in adipose tissue was found to be
protective against HFC‐induced obesity in mice and resulted in increased amount of
brown adipose tissue, thereby stimulating weight loss and improving insulin
sensitivity.44 In line with these studies, recent data show that autophagy in adipocytes
of obese individuals is enhanced.45
Several other studies exploring the role of autophagy indicate that macrophage
autophagy is protective against inflammation.46‐48 Recently, different groups shed light
on the role of autophagy during atherosclerosis. Increased apoptosis and oxidative
stress in lesional macrophages, more plaque necrosis and worsened lesional
efferocytosis was found in hyperlipidemic mice deficient for autophagy after an high‐
fat diet, indicating a protective role of autophagy in advanced atherosclerosis.46
Additionally, Razani et al showed that autophagy becomes dysfunctional upon plaque
progression in ApoE‐/‐ mice during atherogenesis. These data indicate a protective role
for macrophage autophagy during atherogenesis.
As for the liver, dysfunctional autophagy due to lysosomal cholesterol accumulation
may play an important role during the development of NAFLD and NASH. Recently,
the involvement of autophagy during hepatocyte lipid metabolism was
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demonstrated.41 Lipid droplets and autophagic components were shown to be
associated during nutrient deprivation and inhibition of autophagy in cultured
hepatocytes and mouse liver increased triglyceride storage in lipid droplets, indicating
an essential function for autophagy in hepatic lipid stores.41 Besides the regulation of
lipid content by autophagy, it was found that autophagic activity is highly dependent
on nutritional status. Whereas autophagy levels are elevated upon starvation and
short‐term exposure to high lipid levels, chronic lipid exposure was found to be
correlated with impaired autophagy. Both in genetic (ob/ob) and dietary (high‐fat
induced) mice models having long‐term lipid availability resulted in inhibition of
hepatic autophagy.49 Mice upon an HFC diet were found to have impaired hepatic
autophagic function as demonstrated by a decreased mobilization of lipids into the
autophagic compartment. Thus, besides that dysfunctional autophagy may promote
hepatic steatosis, excessive lipid accumulation in hepatocytes may be a mechanism
leading to decreased autophagic function. The ability of excessive lysosomal lipid
accumulation to impair autophagy provides another mechanism for the progression of
simple steatosis to NASH and its complications.
Taken together, these data indicate that dysfunctional autophagy due to lysosomal
cholesterol accumulation is involved in triggering inflammation in different organs
during obesity‐related disorders.

Inflammasome activation

8

Other evidence suggest a link between lysosomal cholesterol accumulation, lysosomal
damage and the activation of the inflammasome.50‐52 Inflammasomes are multi‐
protein complexes that control the activation of caspase‐1, which is constitutively
expressed in the cytosol in the inactive pro‐form. Upon activation by different stimuli,
caspase‐1 triggers the maturation and release of the pro‐inflammatory cytokines
interleukin‐1β and interleukin‐18 to engage in the innate immune defense (i.e.
promoting lymphocyte activation, leukocyte infiltration, and NF‐κB activation).52 Upon
the different known stimuli for inflammasome activation are signals such as
cholesterol crystals, metabolic stress and the production of reactive oxygen species
(ROS).52,53 In macrophages incubated with CE, the accumulation of free cholesterol in
lysosomes after phagocytic uptake was found to result in the formation of cholesterol
crystals.54 Electron microscopy and acid phosphatase cytochemistry of lysosomes in
cholesteryl ester‐loaded cells confirmed that cholesterol crystal formation occurred
within lipid‐loaded lysosomes.54 On top, cholesterol crystallization was found in
association with inflammatory cells.55 These data suggest that lysosomal cholesterol
accumulation in macrophages is associated with cholesterol crystal formation and
may lead to inflammation via subsequent inflammasome activation.
Also during cardiovascular disease cholesterol crystallization and inflammasome
activation was observed. In atherosclerotic lesions, cholesterol crystals are formed in
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macrophages and were shown to induce phagolysosomal membrane rupture, leading
to the release of the phagolysosomal content into the cytosol.51 In addition,
phagolysosomal damage caused by cholesterol crystals, both in vitro and in vivo,
activates the NLRP3 inflammasome, indicating a potential mechanism of inflammation
in the vascular wall.51,56 The involvement of inflammasome activation in
atherosclerosis has been further described in numerous studies.47,51,57,58 Although in
one study no difference was found between the inflammasome deficient and wildtype
controls in the field of atherosclerosis,59 other studies using specific knockout models
for different parts of the inflammasome (NLRP3, Caspase‐1, ASC) showed that
inflammasome activation is involved in sustaining the inflammatory response during
atherosclerosis.47,51,57,58 Bone marrow transplantation with NLRP3‐deficient and ASC
(also known as PYCARD)‐deficient bone marrow into Ldlr‐/‐ mice resulted in markedly
decreased early atherosclerosis after receiving a high‐cholesterol diet, indicating that
macrophage‐specific inflammasome activation plays an important role during
atherosclerosis.51 In line with these observations from in vivo studies, it was recently
found that in aortas of patients with coronary atherosclerosis, NLRP3 was
overexpressed. Moreover, the aortic NLRP3 expression is correlated with the severity
of coronary artery disease and the atherosclerotic risk factors, further indicating the
importance of inflammasome activation due to lysosomal cholesterol accumulation
during cardiovascular disease.60
Cholesterol crystals were also found in the livers of Ldlr‐/‐ mice upon HFC feeding.1
These findings suggest that also during NASH, inflammasome activation may play an
important role in triggering the observed inflammatory response. Previously, using
Caspase‐1‐/‐ mice the role of inflammasomes during the development of NASH was
investigated.61,62 Caspase‐1 deficiency resulted in protection from diet‐induced
hepatic steatosis, inflammation and early fibrogenesis. Furthermore, IL1β‐/‐ mice had
less steatohepatitis and fibrosis compared to controls upon HFC feeding, indicating
the involvement of inflammasome‐mediated IL1β signaling. Interestingly, also in
patients suffering from NASH, cholesterol crystals were recently found to be present
in the liver, whereas in patients with simple steatosis this was not the case.63 This
further indicates the association between cholesterol crystal formation, potentially
due to lysosomal cholesterol accumulation, and inflammation, suggesting that
inflammasome activation may also be involved in human NASH.

Lysosomal cathepsin release
Cathepsins, named after the Greek kathepsein (to digest), were discovered in the
second half of the 20th century as part of the lysosomal cysteine proteases. Initially,
they were shown to localize in lysosomes and endosomes and served to degrade
internalized content and to be involved in the clearance of misfolded proteins.
Further, cathepsins are known to be optimally active in a slightly acidic environment
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and are mostly unstable at neutral pH. However, recent discoveries have found that
cathepsins can be secreted and exert different functions in the extracellular spaces.
Importantly, cathepsins were shown to play an important role in apoptosis, antigen
presentation in the immune system, collagen turnover in bone and cartilage and
hormone processing (reviewed elsewhere)64 and to be involved in several
inflammatory diseases including obesity65,66 and atherosclerosis.67
Relevantly, lysosomal cholesterol accumulation may induce leakage of cathepsins out
of the lysosomes. First, cathepsins may be released into the cytosol due to increased
lysosomal membrane permeability. Indeed, oxLDL uptake in human macrophages was
found to immediately damage the lysosomal membrane, leading to the release and
relocation of acidic lysosomal enzymes as indicated by increased cytosolic activity of
cathepsin L and relocation of cathepsin D to the cytoplasm.28 Cytosolic cathepsins
were found to be involved in apoptosis and, in contrast to caspases, are already active
when released from the lysosome.68‐70 Therefore, relocation of cathepsins into the
cytosol, where they may act as cleavage enzymes for apoptosis, may contribute to the
development of the necrotic core and therefore may be considered an
atherosclerosis‐stimulating factor.71 Next to that, cytosolic cathepsins are able to
activate inflammasomes, thereby potentially leading to inflammation.56
In addition, lysosomal cholesterol accumulation can lead to inhibition of trafficking of
lysosomes along the plasma membrane, thereby potentially increasing the secretion
of lysosomal enzymes into the circulation.72 Extracellularly, cathepsins were shown to
play an import role in remodeling of the extracellular matrix (ECM).73 The ECM
consists of elastins, collagens and proteoglycans, which all are known as substrates for
cathepsins.73 Relevantly, it was shown that inflammatory cytokines augment
cathepsin expression and activity resulting in extracellular matrix proteolysis.67,74 By
degrading the ECM, cathepsins may be involved in different pathologies as this may
facilitate the migration and invasion of macrophages. Taken together, these data
indicate that lysosomal cholesterol trapping can lead to inflammation via intracellular
or extracellular release of cathepsins.
Many studies have described that cathepsins play a role during atherosclerosis
(reviewed elsewhere).75 While normal arteries express little or no cathepsins, in
atherosclerotic vessels these proteins are abundantly expressed and secreted. More
specific, it was shown that cathepsin S and K mRNA levels and proteins were much
more present in atherosclerotic lesions than in normal arteries.67 A similar increase in
the expression of lysosomal cathepsins S, L and B was found in atherosclerotic lesions
of ApoE‐deficient mice. Cathepsin protein expression was localized in macrophages
and/or in lipid‐rich areas.76 Additionally, cathepsins show differential expression in
various stages of atherosclerosis, and in vivo studies using knockout mice revealed
that deficiency of cathepsin S, K or L reduces diet‐induced atherosclerosis.77‐79 Also in
human atherosclerotic lesions it has been reported that several cathepsins, including
cathepsins B, D, L, and S, are expressed in a lesion‐dependent manner.80 These data
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further indicate that lysosomal cathepsins are involved in atherosclerosis
development in humans.
Cathepsin release was also found to play an import role during the development of
liver diseases. In a dietary murine model of NAFLD, inactivation of cathepsin B
protects against the development of hepatic steatosis81 and cathepsin B knockout
animals were shown to be protected against hepatic injury.82 Furthermore, cathepsin
B was found to be implicated in progression of liver fibrosis83 and the release of
cathepsin B into the cytoplasm is also observed in human liver specimens with NAFLD
and correlates with disease severity.81 Similarly, we have recently shown that
lysosomal cholesterol storage in Kupffer cells of Ldlr‐/‐ mice is correlated with
increased activity of cathepsin D in the liver.1 Mechanistically, cathepsin B release into
the cytosol may contribute to the progression from NAFLD to NASH by leading to
mitochondrial dysfunction and apoptosis.81,82 In vitro, it was found that mitochondrial
dysfunction occurred several hours after lysosomal permeabilization and cathepsin B
redistribution into the cytoplasm. Relevantly, either pharmacological or genetic
inhibition of cathepsin B preserved mitochondrial function. Moreover, cathepsin B
inactivation protected mitochondria, decreased oxidative stress, and attenuated
hepatic injury in vivo.82 Taken together, these data indicate that the release of
lysosomal cathepsins into the cytoplasm may induce mitochondrial dysfunction,
thereby leading to cell death and trigger inflammation. In conclusion, improper
functioning of cathepsins may play an important role in conditions involving liver
injury such as NASH.

Lysosomal cholesterol accumulation as potential target for
therapy
As different mechanisms were described for the involvement of cholesterol trapping
inside lysosomes of macrophages in triggering inflammation, the use of lysosomal
cholesterol accumulation as a potential target for novel therapy options in described
disorders is highlighted.
A possible way to elucidate the effect of lysosomal cholesterol accumulation is
stimulating the transport of cholesterol from lysosomes into the cytoplasm. However,
this is a challenging issue as it was previously shown that lysosomal cholesterol
derived from oxLDL is resistant to efflux.84‐86 Moreover, it was shown that, although
acLDL‐derived CE is usually efficiently hydrolyzed and cleared, a 3‐day pre‐incubation
of macrophages with oxLDL impaired the subsequent ability of lysosomes to hydrolyze
acLDL‐derived CE.3 Besides, studies in both arteries and cells in culture suggest that
the cholesterol in lysosomes is trapped and cannot be decreased simply by inhibiting
further uptake of lipoproteins or by increasing efflux of extra‐lysosomal cholesterol
stores.84,87,88 Thus, to therapeutically target lysosomal cholesterol accumulation,
unique new methods must be investigated.
143

8

Chapter 8

8

The intracellular trafficking of cholesterol from the lysosome to the cytoplasm is
mainly regulated by the proteins NPC1 and NPC2. Whereas NPC1 is a protein that
resides in the membrane of endosomes and lysosomes, NPC2 is present inside
lysosomes and binds cholesterol.89 A mutation in either of the genes for NPC1 (95% of
cases) and NPC2 (5% of cases) results in Niemann–Pick disease type C, which is an
autosomal recessive, lysosomal lipid storage disease. The organs of humans and mice
carrying the NPC1‐/‐ genotype are characterized by two kinds of pathological
alterations. First, there is an elevation of the concentration of unesterified cholesterol
in the lysosomes of all cells in the body. Second, this mutation results in inflammation
in many tissues like the spleen, liver, and lung.90 In Npc1‐/‐ mice, the administration of
2‐hydroxypropyl‐β‐cyclodextrin was shown to overcome the lysosomal transport
defect and led cholesterol flow to the cytosolic compartment, thereby reducing
lysosomal cholesterol accumulation.90 This reduction in lysosomal cholesterol content
was associated with reduced sterol synthesis and expression of macrophage‐
associated inflammatory genes.90 These findings were confirmed by others where
treatment of NPC1 or NPC2 mutant cells with 2‐hydroxypropyl‐β‐cyclodextrin resulted
in the release of cholesterol stored in lysosomes.91,92 Another promising treatment
option is the neurosteroid allopregnanolone, as a single dose at postnatal day 7
almost doubled the lifespan of Npc1‐/‐ mice.93 Allopregnanolone was shown to reduce
cholesterol accumulation, improve autophagic/lysosomal function and reduce
inflammation94, further supporting the use of this drug in diseases characterized by
lysosomal cholesterol accumulation such as atherosclerosis and NASH. So far, the use
of allopregnanolone in the treatment of atherosclerosis or NASH has not been
investigated. Therefore, it is highly recommended that future studies will determine
the effect of allopreganolone in described diseases.
Other mediators of intracellular cholesterol transport are liver X receptor (LXR)
activating oxysterols such as 27‐hydroxycholesterol (27HC). 27HC is an intermediate in
bile acid synthesis and the major oxysterol present in the human circulation. In line
with greatly reduced 27HC production in NPC1‐deficient cells, incubation with 27HC
was shown to dramatically reduce lysosomal cholesterol in Npc1‐/‐ fibroblasts.95
Similarly, injecting Ldlr‐/‐ mice with 27HC during or after an HFC diet resulted in
reduced lysosomal cholesterol accumulation in Kupffer cells and consequently
reduced hepatic inflammation.1 Recently, also 25‐hydroxycholesterol (25HC), another
oxysterol, was shown to correct the transport defect in NPC1 mutant cells.96 These
data support the view that oxysterols can prevent and reduce lysosomal cholesterol
accumulation in macrophages, thereby reducing the inflammatory response.
Finally, it was recently demonstrated that TG delivered to cultured macrophages as
part of TG‐rich particles, dramatically reduced lysosomal CE accumulation and
improves lysosomal function, possibly by decreasing lysosomal pH and restoring
lysosomal CE hydrolysis.97 Interestingly, it was shown that macrophages hydrolyze CE
more efficiently when it is introduced into lysosomes of macrophages as a mixed CE
and TG particle, compared to CE‐containing particles alone.98 Knowing that TG‐rich
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particles can be taken up by macrophage foam cells, thereby influencing the ability of
foam cells to metabolize the overload of lysosomal CE, make these particles an
interesting therapeutic option for multiple related disorders. Collectively, these
findings are promising since so far lysosomal oxLDL has been shown to be highly
resistant to removal.85,86

Conclusion
Recently, more evidence point towards the shared etiology of different obesity‐
related diseases such as atherosclerosis and NASH. Whereas the presence of lipid‐
laden macrophages is known to play a major role in these conditions, the exact
molecular mechanisms remain unclear. Multiple studies suggest that the presence of
lysosomal cholesterol accumulation in macrophages, and not the total amount of
intracellular lipids is critical for the observed inflammatory response. So far, several
mechanisms were shown to be involved in linking lysosomal cholesterol accumulation
and inflammation. Future research should focus on mechanisms stimulating
cholesterol transport out of the lysosomes, as increasing evidence is showing the
importance of intracellular cholesterol distribution in relation to inflammation,
thereby affecting multiple disorders. Although it is still possible that other forms of
lipids are also involved, most evidence point towards the oxidized form of LDL as a
major contributor to lysosomal cholesterol accumulation. Therefore, research should
focus on the specific role of oxLDL in triggering inflammation due to lysosomal
cholesterol trapping. Besides the stimulation of cholesterol transport out of the
lysosomes, future research should focus on potential ways to block the uptake of
oxLDL particles specifically in order to prevent accumulation of cholesterol in
lysosomes. Furthermore, it should be investigated whether dietary intervention is a
valid therapeutic option for reducing lysosomal cholesterol accumulation. Finally, to
guarantee a systemic beneficial effect, it is recommended that studies will focus on
the crosstalk between the different organs that are affected by lysosomal cholesterol
accumulation.
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General discussion
Despite the strong association demonstrated between lysosomal cholesterol
accumulation in Kupffer cells (KCs) and hepatic inflammation, a causal link was never
investigated. In the present thesis, we aimed to establish a causal relationship
between lysosomal cholesterol accumulation inside KCs and hepatic inflammation.
Furthermore, we translated the knowledge obtained from animal models to human
NASH. The major findings of these studies will be discussed and placed in the context
of current knowledge.

Lysosomal cholesterol storage inside Kupffer cells is causally related
to hepatic inflammation
Under healthy conditions, lipoproteins, such as low‐density lipoproteins (LDL), are
taken up by macrophages. After various processes, the LDL particles are remodeled
into free cholesterol, hereby facilitating further clearance out of the cell.1 Under these
circumstances, the size of the macrophage remains similar and the amount of
circulating LDL is low. However, in obese subjects, plasma LDL level concentrations are
elevated.2,3 In the presence of high LDL levels, LDL‐cholesterol is scavenged by
macrophages in an unregulated manner leading to a foamy macrophage appearance.
These foamy macrophages are known to play an important role in triggering
inflammation during atherosclerosis.4,5 Recently, the interrelationship between NASH
and atherosclerosis becomes more evident.6 In line, bloated foamy KCs, resembling
the foamy macrophages present in atherosclerotic lesions, were also observed in
livers of hyperlipidemic mice7 and human NASH patients.8 Strikingly, additional
research clearly demonstrated that hepatic inflammation was independent of the size
of the KCs.9 These data suggested it is not the total cholesterol amount inside the KCs
that trigger hepatic inflammation, but rather the disturbed cholesterol distribution
within the KCs. This suggestion is also potentially relevant to the field of
atherosclerosis, since only in vitro studies showed a link between cholesterol
distribution inside macrophages and vascular inflammation and was never tested in
vivo.
When LDL lipoproteins are taken up by macrophages, these are initially directed to
the lysosomes for further processing. After hydrolysis by lysosomal enzymes, the
lipoproteins are transferred into the cytoplasm via so‐called Niemann‐Pick type C1
(NPC1) proteins. However, in foam cells as present in the atherosclerotic lesions,
cholesterol is resistant to efflux into the cytoplasm and instead, accumulates in the
lysosomes of macrophages.10‐13 Likewise, we recently showed cholesterol
accumulation mainly inside lysosomes of KCs in the livers of hyperlipidemic mice.14
Relevantly, in lysosomal storage diseases, lysosomal cholesterol accumulation in
macrophages is associated with inflammatory responses15‐17 and hepatic inflammation
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(Chapter 3). However, these studies in the context of lysosomal storage diseases and
inflammation merely provided evidence for an association between lysosomal
cholesterol accumulation and the inflammatory response and lacked causality. We
next hypothesized that lysosomal cholesterol accumulation in KCs is the actual trigger
for the development of hepatic inflammation. For this purpose, we used mice with a
loss‐of‐function mutation in the NPC1 gene. This single mutation in the NPC1 gene
causes excessive lysosomal storage of cholesterol and affects correct lysosomal
function.18 As a tool to induce lysosomal cholesterol accumulation specifically inside
KCs, we transplanted NPC1 mutant (NPC1mut) bone marrow into Ldlr‐/‐ mice in Chapter
4. In line with our expectations, compared to the wildtype‐transplanted (tp) mice, the
NPC1mut‐tp mice demonstrated dramatically enlarged macrophages due to
macrophage granuloma formation, elevated lysosomal enzyme levels, increased
hepatic inflammation and fibrosis. To conclude, we demonstrated that lysosomal
cholesterol accumulation inside KCs is the trigger for hepatic inflammation. Moreover,
the excessive cholesterol storage inside lysosomes affects lysosomal function through
lysosomal enzyme disturbances.

The oxidized fraction of LDL inside lysosomes of Kupffer cells
contributes substantially to the hepatic inflammatory response

9

Unlike acetylated LDL (acLDL), cell culture studies clearly demonstrated that
treatment with specifically the oxidized lipoprotein fraction resulted in lysosomal
cholesterol accumulation.19‐21 Once inside the lysosomes, the oxLDL‐derived
cholesterol fraction is resistant for efflux and starts to accumulate.20 Further data
reveals the presence of functional lysosomal acid lipase inside foam cells, and
herewith excludes lysosomal enzyme defects during intracellular oxLDL
accumulation.22 However, these studies were all performed in an in vitro setting and
were, so far, not been demonstrated in vivo. Therefore, we next hypothesized a
similar association between lysosomal oxLDL accumulation and hepatic inflammation
in vivo. Upon injection of several lipoprotein species in Ldlr‐/‐ mice, we demonstrated
in Chapter 3 that, unlike native LDL and acLDL, it is oxLDL that tends to accumulate
inside lysosomes of KCs. In the same chapter, we showed that the increased lysosomal
cholesterol accumulation inside KCs was linked to a higher hepatic inflammatory
response in Ldlr‐/‐ mice. To further elucidate the specific contribution of lysosomal
oxLDL accumulation to hepatic inflammation, we induced the levels of anti‐oxLDL
antibodies in NPC1mut‐tp mice (Chapter 4) and in Ldlr‐/‐ mice (Chapter 5). These anti‐
oxLDL antibodies have been shown to block the uptake of oxLDL by macrophages, and
thus prevent oxLDL from being internalized and directed to lysosomes.23 In the
presence of high anti‐oxLDL antibodies, NPC1mut‐tp mice demonstrated significant
improvements in cholesterol metabolism, lysosomal function, hepatic inflammation
and fibrosis compared to NPC1mut‐tp mice without treatment. In line, high anti‐oxLDL
IgM titers in Ldlr‐/‐ mice displayed a reduced foamy KC appearance, hepatic
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inflammation and fibrosis. These results are overwhelming since, even though the
oxLDL levels are higher in patients with the metabolic syndrome (MetS), the
percentage of oxLDL relative to LDL in MetS patients is still considered to be very low
(0.6‐1.8%).24 In NASH patients, it has been found that plasma oxLDL is only 1.4 times
higher than the average oxLDL level detected in control subjects.25 Therefore, the
improvements in liver and lysosomes after preventing oxLDL uptake by pneumococcal
immunization exceeded our expectations and point towards the important
contribution of oxLDL in hepatic inflammation. Apart from oxLDL, other modified
lipids such as aggregated LDL (aggLDL) and cholesteryl‐ester rich lipid dispersions
(DISP) may also lead to cholesterol accumulation inside lysosomes and sustained
inhibition of hydrolysis and subsequent efflux.10,26 In addition, sphingomyelin‐rich
particles were shown to be highly present inside lysosomes of macrophages after
incubation with different lipoprotein species.27 To note, these lipids (i.e. aggLDL, DISP
and sphingomyelin) were not studied in these experiments and could provide an
explanation for the fact that hepatic inflammation in immunized NPC1mut‐tp mice was
not completely abolished to control values.

Lysosomes and lysosomal enzymes play a central role in NASH
With the help of lysosomal enzymes, lysosomes are best known for its primary role in
protein degradation. However, lysosomal function is not merely restricted to
degradation of proteins, but increasing evidence now demonstrates that the
lysosomal compartment plays also a role in the immune system and can be seen as
secretory vesicles.28,29 Lysosomes are able to secrete its content, including lysosomal
enzymes, via fusion with the plasma membrane. Cathepsins, a specific class of
lysosomal enzymes, have been shown to be significantly involved in mediating the
inflammatory response and cholesterol trafficking.30‐32 Consequently, diseases that
are predominantly characterized by inflammation and excessive cholesterol storage
inside macrophages, such as atherosclerosis and lysosomal storage diseases (NPC1
disease), were linked to modified levels of cathepsins. For example, several cathepsins
were abundantly expressed and secreted in atherosclerotic vessels.33, 34 Mice used to
study atherosclerosis showed a similar increase in lysosomal cathepsins inside
atherosclerotic lesions, specifically in macrophages and/or lipid‐rich areas.35 In
addition, deficiency of cathepsins in mice led to a reduction in atherosclerotic
development.32,36,37 In line with these data obtained from atherosclerosis, modified
levels of cathepsins were also observed in lysosomal storage diseases. Levels of
several cathepsins (cathepsin B, D and S) were found to be modified in the livers and
brains of Npc1‐/‐ mice and NPC1 patients.38‐41 Changes of cathepsins in liver and brain
could be reflected by cathepsin measurements in plasma and detected modified
plasma cathepsin levels in NPC1 patients compared to control.39,41 As a result, these
researchers proposed plasma cathepsin D as a potential biomarker for NPC1 disesase.
Similar to these findings, we have demonstrated plasma cathepsin D as a diagnostic
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tool to detect NASH in children and adults in the current thesis (Chapters 6 & 7).
Cathepsin release was also found to play an important role in the development of liver
disease. Alterations of other cathepsins, including cathepsin D, were detected in liver
specimens of NAFLD and cirrhotic patients compared to controls.42,43 Similarly, we
have recently shown that lysosomal cholesterol storage inside KCs of mice correlated
with a changed hepatic activity of cathepsin D and an altered hepatic gene expression
of a whole set of cathepsins (Chapter 4).14 These data indicate that lysosomal
cathepsins are involved in the development of metabolic diseases underlying
lysosomal cholesterol accumulation and inflammation. Little is known about the
mechanisms that induce lysosomal enzyme relocation. It has been proposed that it is
specifically the uptake of oxLDL that may lead to rupture and subsequent leakage of
lysosomal enzymes (Chapter 8).44,45 Indeed, cellular incubation with oxLDL showed
sustained secretion of pro‐cathepsin D.46 In turn, cytosolic cathepsins are important
mediators of the caspase‐mediated apoptotic pathway.47‐49 Additionally, cytosolic
cathepsins are able to activate the inflammasome, thereby potentially triggering
hepatic inflammation (Chapter 8).50 Thus, these findings provide a possible
mechanism by which lysosomal oxLDL accumulation specifically could lead to modified
cathepsin levels.

NASH and Niemann‐Pick disease type C1 share disease mechanisms

9

The liver holds responsibility for a healthy lipid profile and particularly governs
cholesterol homeostasis. As a result, the liver is the primary affected site during
metabolic disorders characterized by a cholesterol imbalance including
atherosclerosis, NASH and lysosomal cholesterol storage disorders, particularly the so‐
called Niemann‐Pick Type C1 disease. The latter disorder is characterized by an
excessive storage of cholesterol inside lysosomes of macrophages and therefore has a
progressive course of disease. Typical clinical manifestations for NPC1 disease include
neurological problems (i.e. loss of motor skills and mental regression) and
(hepato)splenomelagy.51 In Chapter 3, 4 and 5, we demonstrated lysosomal
cholesterol accumulation inside KCs as the main underlying mechanism during NASH.
Although to a much lesser extent, this feature resembles the primary characteristic of
NPC1 disease and raises the possibility of a shared disease mechanism between NASH
and NPC1 disease. The same holds true for atherosclerosis, whereby it was postulated
that atherosclerosis has features of an acquired lysosomal storage disorder and
accelerated more rapidly in the absence of the NPC1 protein.52,53 In addition to the
pathogenesis of NASH, NPC1 disease also resulted in liver inflammation and
apoptosis.18 Apoptosis is a typical hallmark of NASH and develops rather at a late
stage, upon 3 months of a high‐fat, high‐cholesterol diet, in a mouse model for
NASH.54 Since the magnitude of lysosomal cholesterol accumulation in the liver of
NPC1 patients is more progressive, apoptosis in mice with NPC1 disease is manifested
already at an early age around 9 weeks at regular chow.18,55,56 In addition to
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inflammation and apoptosis, oxidative stress is also a possible underlying mechanism
linking NASH and NPC1 disease. Multiple studies demonstrated that oxidative stress is
central to NPC1 pathology.53,57‐60 In human NPC1mut fibroblasts, proteins related to
oxidative stress were shown to be differentially expressed.61 These observations could
be translated to humans, whereby an increased amount of oxidation products were
detected in plasma of NPC1 patients.62,63 Similar to NPC1 patients, NASH patients also
displayed higher plasma lipid peroxidation products, including oxLDL and
thioredoxin.25,64 Although NPC1 was exclusively deficient in the hematopoietic system
and does not fully represent the complete NPC1 knockout, our results underline these
findings, whereby preventing oxidized cholesterol mice from being internalized into
KCs of NPC1mut‐tp mice resulted in liver improvements (Chapter 4). Applying the same
method to Ldlr‐/‐ mice in Chapter 5 demonstrated similar improvements in the liver.
To study lysosomal function, we analyzed lysosomal enzymes in human NASH
patients. In Chapter 7, we clearly demonstrated elevated levels of cathepsins in
plasma of adult NASH patients, which reduced upon NASH regression. Likewise,
cathepsins were found to be higher in Npc1‐/‐ mouse plasma, liver and brain, which
decreased upon cholesterol‐lowering treatment.39 Similar to Chapters 6 & 7,
particularly plasma cathepsin D was suggested as a potential biomarker for NPC1
disease.41 In addition to the common underlying mechanisms of these diseases,
therapies that are currently under investigation for NPC1 disease have similar targets
to those of NASH and include lipid‐lowering drugs,65‐67 anti‐oxidants/calcium‐
modulators68 and anti‐inflammatory drugs.69 In line with this concept, we used
27‐hydroxycholesterol, a cholesterol derivative that was shown to improve
cholesterol metabolism in fibroblasts of patients with NPC1 disease, as a method to
reduce hepatic inflammation in mice.14 Ideally, we suggest that future therapies
should be aimed at reducing lysosomal cholesterol accumulation in both NASH and
NPC1 disease. In conclusion, our data point towards NASH and NPC1 disease as two
diseases that share one central underlying mechanism being lysosomal cholesterol
accumulation.

A distinct pathophysiology exists between NASH in children and
adults
In the search for the molecular mechanism by which lysosomal enzymes contribute to
hepatic inflammation, we observed striking differences between NASH in children and
adults. Whereas, we observed a decrease of plasma cathepsin D in NASH children
(Chapter 6), we have found an increase of cathepsin D in the plasma of adults with
NASH (Chapter 7). These findings suggest a difference in disease pathology between
NASH in adults and in children. To our knowledge, this is the first time a difference
between NASH in children and adults is reflected in plasma. So far, the reason for this
discrepancy is unknown. The difference in pathophysiology between NASH in children
and adults could be due to age‐dependent changes of the lysosomal compartment.
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Indeed, lysosomal function has previously been shown to be an age‐dependent
process, whereby the amount of lysosomes increases upon ageing.70‐72 These data
suggest that at a young age, the amount of lysosomes is low and consequently the
cells have difficulties to cope with excessive amounts of cholesterol. As such, upon
high‐cholesterol circumstances, the stability of the lysosomal membrane is likely to
decrease73, which can eventually lead to lysosomal rupture and subsequent lysosomal
enzyme release into the cytosol. Lysosomal enzyme secretion into the plasma is
hereby prevented and instead, the cytosolic lysosomal enzymes activate the apoptotic
signaling pathway inducing rapid cell death.74 This mechanism could explain the
reduction of cathepsin D in the plasma of pediatric subjects with NASH compared to
subjects without liver inflammation (Chapter 6). In contrast to young cells, older cells
possess a higher number of lysosomes70‐72, suggesting increased cholesterol storage
capabilities inside the cells. It is therefore likely that adult lysosomes can cope better
with the cholesterol accumulation and would be less likely to rupture. Nevertheless,
cholesterol‐filled lysosomes have been shown to induce disturbances in the lysosomal
enzyme trafficking pathway75,76 leading to increased levels of lysosomal enzymes in
plasma.77,78 Plasma LDL oxidation can be viewed as a representative parameter of
oxidative stress and has shown to be induced in healthy elderly compared to young
controls and therefore is strongly associated with the course of ageing.79,80 In vitro,
particularly the intracellular accumulation of the oxidized cholesterol fraction (oxLDL)
has been shown to enhance extracellular secretion of pro‐cathepsin D.44,46 Altogether,
the observed differences between NASH in children and adults could be explained by
the fact that secretion of cathepsin D into the plasma is dependent on age‐related
changes of the lysosomes and is dependent on accumulation of specific lipid species.
In line, several studies indeed describe that the histological and pathological
characteristics of NASH are age‐dependent.81‐84 Further studies are warranted to
precisely determine the contribution of lysosomes to NASH disease pathology in
children and adults.

Storage solutions: novel ways for the detection and inhibition of non‐
alcoholic steatohepatitis

9

The currently available non‐invasive diagnostic methods for the detection of NASH are
poor and lack specificity. Consequently, no approved therapy against NASH exists. This
situation is a key clinical problem as NASH patients need close monitoring and regular
follow‐up.
Diagnostics
The gold standard to detect NASH is still the histological assessment of a liver biopsy.
Due its invasive procedure, patients experience discomfort, stress and pain and run
the risk of suffering from severe complications such as internal bleedings. Non‐
invasive ways to diagnose NASH include plasma measurements of aminotransferases
158

General discussion

(ALT, AST) and gamma‐glutamyl transpeptidase (GGT). However, these enzymes have
a poor clinical utility in diagnosing NASH.85 Another promising marker for the
diagnosis of NASH, which is currently under extensive investigation, is the liver
enzyme cytokeratin‐18 (CK‐18). Whilst some studies demonstrated that CK‐18 has the
potential to differentiate NASH patients from subjects with steatosis86‐90, others could
not reach similar results.91,92 Altogether, a major disadvantage of using these non‐
invasive tools is the lack of specificity and sensitivity to differentiate between patients
with steatosis and NASH subjects. Additionally, instead of early indicators of disease,
these markers are associated with liver function and apoptosis, thus, are more
representative for late stages of liver disease. Therefore, an accurate non‐invasive
marker to detect NASH is urgently needed.
The identification of oxLDL as one of the leading triggers for hepatic inflammation
(Chapters 2, 3, 4 and 5) could contribute to novel non‐invasive diagnostic methods for
NASH. Chalasani et al demonstrated elevated levels of circulatory plasma oxLDL in
NASH patients25, indicating that plasma oxLDL should be monitored in patients with
hepatic inflammation. In line with plasma oxLDL, naturally occurring IgM antibody
responses to oxLDL correlated negatively with NASH (Chapter 4 and 5). In this view,
the level of plasma anti‐oxLDL IgM antibodies could be a useful predictor for hepatic
inflammation. Although, it has to be taken into account that basal IgM antibodies may
differ naturally between people and can very over time.93,94 Moreover, since plasma
cathepsin D correlates with histological classifications of NAFLD in children and adults
and responds to intervention (Chapter 6 & 7), it is suggested that plasma cathepsin D
should be monitored as a possible biomarker for hepatic inflammation. Also other
plasma lysosomal enzymes in the context of NASH should be further studied in the
future. Altogether, the data of this thesis suggest that plasma oxLDL, anti‐oxLDL IgM
antibodies and cathepsin D, either alone or in combination, could be used as non‐
invasive markers for the detection of NASH. All of the abovementioned potential
markers should be tested for its clinical utility in large, human NASH cohorts.
Therapy
Early detection of NASH is important in order to apply adequate therapy and
preventing NASH from further progression into irreversible liver disease.
Unfortunately, NASH patients most commonly experience no symptoms making early
detection of this disease almost impossible. If left untreated, NASH could progress to
chronic irreversible liver disease, leaving a liver transplantation as the only solution
available.
In the current thesis (Chapter 3, 4 and 5), lysosomal cholesterol accumulation inside
KCs was identified as one the main causes for hepatic inflammation. Therefore,
methods to modulate lysosomal cholesterol storage in KCs may be effective for
treating NASH. One example is the exogenous administration of 27‐hydroxy‐
cholesterol, a cholesterol derivative that was shown to improve cholesterol
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metabolism in fibroblasts of patients with NPC1 disease, to Ldlr‐/‐ mice. Application of
27HC to these mice could both prevent as well as treat NASH14 and has opened up a
new avenue of testing other oxysterols with similar effects.95 Another possibility to
overcome lysosomal cholesterol accumulation is to improve intracellular trafficking of
cholesterol96, for example via NPC1 overexpression. Methods to reduce lysosomal
cholesterol accumulation in macrophages could not merely be applicable to NASH, but
could also be beneficial for NPC1 disease, and should be tested. An indirect way to
reduce lysosomal cholesterol accumulation inside macrophages is the use of
cholesterol‐lowering drugs. In parallel with lowering LDL levels, these drugs are able
to decrease the susceptibility of LDL oxidation.97,98 Fibrates are well‐recognized lipid‐
lowering agents, however, human studies showed little or no effect on NASH histology
or conclusions were based on liver aminotransferase levels solely.99,100 While statins
have proven to reduce the risk for coronary and vascular events, the effect on NASH is
not yet fully known. Small preliminary studies have shown that the use of statins at a
low‐dose is rather safe, well‐tolerated and could possibly improve NAFLD histology.
However, convincing histological data showing improvements of NASH histology is
clearly lacking. As such, further research is warranted to test the efficacy of statins in
large, biopsy‐proven human NASH cohorts with a long duration time in order to draw
correct conclusions on the use of statins on NASH patients.101

9

In the current thesis, lysosomal storage of specifically oxLDL was identified as an
important contributor to hepatic inflammation. Therefore, drugs directed at reducing
oxLDL would be of great importance as therapeutic intervention against NASH. One
way to reduce lipid peroxidation is the use of anti‐oxidants. As such, anti‐oxidants
have been shown effective in improving histological features of NASH patients and
included vitamin E102, betaine103, pentoxyfilline104, and the combination
ursodeoxycholic acid with vitamin E.105 However, high dosages of vitamin E have been
shown to be associated with increased mortality rates and increased risk of prostate
cancer in elderly men.106,107 Another potential intervention strategy against NASH is
the use of a vaccination protocol with heat‐inactivated pneumococci in order to
prevent the development of NASH (Chapters 4 & 5). Notion has to be taken that
infections with S. Pneumoniae frequently occur, and that pneumococcal vaccines are
already being used in clinical practice. Therefore, it would be interesting to investigate
the potential effect of these infections/vaccines on NASH pathogenesis in humans.
Apart from NASH, the pneumococcal immunization method has also been shown
beneficial for other inflammatory diseases characterized with elevated oxLDL levels,
including atherosclerosis.23 Besides an active immunization approach, a passive
immunization method of anti‐oxLDL IgM antibodies and anti‐phosphorylcholine
antibodies was successfully tested to reduce inflammatory diseases108,109 and holds
promise in reducing NASH. Altogether, potential new therapies against NASH that
could be derived from this thesis are therapies that are aimed at reducing lysosomal
cholesterol accumulation, lipid peroxidation and preventing oxLDL uptake into KCs.
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Novel findings of this thesis
Despite the strong association demonstrated between lysosomal cholesterol
accumulation and hepatic inflammation, a causal link was never investigated. In the
present thesis, we aimed to establish the causality between lysosomal oxLDL
accumulation inside KCs and hepatic inflammation. The novel findings of this thesis
are presented below.
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐

OxLDL possesses harmful and inflammatory aspects. (Chapter 2)
Lysosomal cholesterol accumulation inside KCs is the trigger for the development
of NASH. (Chapters 3, 4 and 5)
Lysosomal cholesterol inside KCs, particularly the oxidized cholesterol,
significantly contributes to hepatic inflammation. (Chapters 2, 3, 4 and 5)
NASH and NPC1 disease have overlapping disease mechanisms. (Chapters 3, 4 and
5)
Naturally occurring anti‐oxLDL IgM antibodies can bind to oxLDL and prevent the
development of NASH. (Chapter 5)
Plasma cathepsin D is able to predict pediatric hepatic inflammation. (Chapter 6)
Plasma cathepsin D could potentially be used as a non‐invasive method to follow
NASH progression and regression in adults. (Chapter 7)
A possible distinct pathophysiology exists between NASH in children and adults.
(Chapters 6 & 7)
Lysosomes and lysosomal enzymes are central to NASH disease pathology.
(Chapters 2 and 8)
Lysosomal oxLDL accumulation can trigger NASH and atherosclerosis through
release of cytosolic and extracellular cathepsins. (Chapter 8)

List of suggested non‐invasive markers for NASH diagnosis
‐
‐
‐

Plasma oxLDL
Naturally occurring anti‐oxLDL IgM antibodies
Plasma cathepsin D

List of possible therapy options against NASH
‐
‐
‐
‐

9

Lipid‐lowering drugs
Methods aimed at modulation of lysosomal cholesterol accumulation
Anti‐oxidants
Pneumococcal immunization
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A

B
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Summary of the main findings of this thesis. (A) Under normal conditions, LDL is internalized by Kupffer
cells (KCs) and directed to the lysosomes. After hydrolysation by lysosomal enzymes, free cholesterol is
subsequently transported into the cytoplasm via the cholesterol transporters Niemann‐Pick type C1 (NPC1)
proteins and cleared by cholesterol efflux mechanisms, or secreted into bile. (B) Unlike LDL, oxLDL could be
scavenged by specific IgM anti‐oxLDL antibodies or can be internalized by KCs and directed to the lysosomes
during NASH. Rather than transport to the cytoplasm, oxLDL has been shown to be resistant for efflux out
of the lysosome and starts to accumulate, hereby triggering hepatic inflammation. Further cholesterol
transport via NPC1 proteins is abrogated and lysosomes become enlarged from the excessive amounts of
oxLDL storage. As a result, either lysosomes may rupture and release cathepsins into the cytosol or
lysosomes suffer from trafficking defects hereby leading to enhanced extracellular secretion of cathepsins.
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Summary
Chapter 1 provides a general overview regarding the physiological metabolic functions
of the liver. Thereafter, NASH is introduced as a liver disease that is often referred to
as the hepatic manifestation of the metabolic syndrome. A summary is provided
about the epidemiology, the pathogenesis, diagnosis and therapy of NASH. Finally, the
thesis aim and outline are described.
In chapter 2, the central hypothesis of this thesis is discussed in more details and
oxidized cholesterol is proposed as a novel risk factor for the development of NASH.
New insights in the mechanisms are given by which oxidized LDL (oxLDL) can trigger
NASH. In addition, this chapter discusses the clinical implications of oxLDL from a
diagnostic and therapeutic point of view.
In chapter 3, we hypothesized that lysosomal trapping of oxLDL in Kupffer cells will
lead to hepatic inflammation. To test this hypothesis, Ldlr‐/‐ mice were injected with
LDL, acLDL and oxLDL. Mice injected with oxLDL, unlike acLDL and LDL, demonstrated
increased lysosomal cholesterol accumulation in the Kupffer cells. Next to that, oxLDL‐
injected mice had increased hepatic inflammation. These findings indicate that
trapping of the oxidized form of lipoproteins inside lysosomes of KCs is associated
with the development of hepatic inflammation.
In chapter 4, we hypothesized that there is a causal relationship between lysosomal
cholesterol accumulation inside Kupffer cells and hepatic inflammation. Moreover, we
hypothesized that oxLDL is a significant contributor to the hepatic inflammatory
response. To test these hypotheses, Ldlr‐/‐ mice were depleted from their
hematopoietic system and were transplanted with bone marrow from Npc1mutant mice.
Due to the macrophage‐deficient Npc1 protein, which is a lysosomal cholesterol
transporter, these mice develop lysosomal cholesterol accumulation exclusively in the
hematopoietic system. After 3 months of HFC feeding, we found that Npc1mutant‐
transplanted mice demonstrated severe hepatic inflammation and fibrosis. Next, we
showed that by elevating the anti‐oxLDL antibodies, the cholesterol metabolism,
lysosomal dysfunction, and hepatic inflammation were improved. We concluded that
there is a direct causal link between lysosomal cholesterol accumulation inside
Kupffer cells and hepatic inflammation with a specific role for oxLDL.
In chapter 5, we hypothesized that an immune response towards oxidized cholesterol
will reduce hepatic inflammation during diet‐induced NASH. To test this hypothesis,
we immunized Ldlr‐/‐ mice with heat‐inactivated pneumococci. This immunization
protocol gives rise to high levels of natural occurring anti‐oxLDL antibodies, due to
molecular mimicry between epitopes of the Streptococcus pneumoniae bacterium and
oxLDL. After treating Ldlr‐/‐ mice with these heat‐inactivated pneumococci, we
171

S

demonstrated that hepatic inflammation and plasma cholesterol levels were
significantly decreased. To this end, we concluded that pneumococcal immunization
could lead to a therapeutic vaccination protocol towards the prevention of NASH.
In chapter 6, we hypothesized that plasma cathepsin D, a lysosomal enzyme,
correlated with severity of liver inflammation in children with NAFLD. Liver biopsies of
ninety‐six children were evaluated and classified as having steatosis, borderline NASH
and definite NASH. In the plasma of these patients, we have found that cathepsin D
levels were significantly lower in subjects with liver inflammation compared to the
subjects with borderline NASH or steatosis and reached a high diagnostic accuracy.
Moreover, the gradual reduction in plasma cathepsin D corresponded with an
increasing severity of liver inflammation, steatosis, hepatocellular ballooning and the
NAFLD activity score. We concluded that plasma cathepsin D is a useful and novel
diagnostic tool to predict hepatic inflammation in children.
In chapter 7, we hypothesized that plasma cathepsin D correlated with progression
and regression of NASH in adults. In contrast to our previous observations in
childhood NASH, we observed increased levels of plasma cathepsin D in adults with
NASH compared to adults without hepatic inflammation. Furthermore, after surgical
intervention, we found a significant reduction of plasma cathepsin D levels in adult
NASH patients compared to the initial levels before the intervention. We concluded
that a distinct pathophysiology exists between NASH in children and adults. The
observation that cathepsin D levels correlated with NASH development and regression
is promising and points toward implementation of plasma cathepsin D in the clinical
follow‐up of NASH patients.
In chapter 8, the main findings of this thesis are summarized and describe the
involvement of lysosomal cholesterol accumulation in driving inflammation in the
context of NASH as well as atherosclerosis. In addition, this chapter discusses the
challenges in improving cholesterol trafficking in macrophages in order to reduce
lysosomal cholesterol accumulation and recent successful research directions.
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Finally, in chapter 9, the major findings of this thesis were discussed and placed in the
current status of this field.
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Samenvatting
Ten eerste werd een algemeen overzicht gegeven in hoofdstuk 1 met betrekking tot
de fysiologische functies van de lever. Daarnaast werd leverontsteking, ofwel NASH,
geïntroduceerd als een leveraandoening binnen het spectrum van het metabool
syndroom. Ten slotte werd de epidemiologie, pathogenese, diagnose en therapie van
NASH kort samengevat.
In hoofdstuk 2 werd de centrale hypothese van deze thesis in meer detail beschreven
en werd geoxideerd cholesterol voorgesteld als een nieuwe risicofactor voor het
ontwikkelen van NASH. Nieuwe mechanistische inzichten werden besproken in hoe
geoxideerd LDL (oxLDL) NASH kan veroorzaken. Vanuit een diagnostisch en
therapeutisch oogpunt werd in dit hoofdstuk ook de klinische implicaties van oxLDL
bediscussieerd.
In hoofdstuk 3 hadden we de hypothese dat lysosomale stapeling van oxLDL in
Kupffer cellen leverontsteking veroorzaakt. Om deze hypothese te testen,
injecteerden we Ldlr‐/‐ muizen met LDL, acLDL en oxLDL. De muizen geïnjecteerd met
oxLDL, vertoonden meer lysosomale cholesterol opstapeling in de Kupffer cellen en
meer leverontsteking dan in de muizen geïnjecteerd met acLDL en LDL. Deze
bevindingen laten een associatie zien tussen lysosomale oxLDL stapeling in de Kupffer
cellen en het ontstaan van leverontsteking in Ldlr‐/‐ muizen. Het volgende hoofdstuk
richtte zich op het oorzakelijk verband tussen de twee.
In hoofdstuk 4 hypotheseerden we dat er een oorzakelijk verband bestaat tussen
lysosomale cholesterol stapeling in de Kupffer cellen en leverontsteking. Bovendien,
dat oxLDL een belangrijke bijdrage levert aan het ontstekingsproces in de lever.
Ldlr‐/‐ muizen werden van hun hematopoietische systeem ontzien en werden
getransplanteerd met beenmerg van Npc1 mutante muizen. Door de macrofaag‐
specifieke uitschakeling van het NPC1 eiwit, welke een lysosomale cholesterol
transporter is, ontwikkelen deze muizen lysosomale cholesterol stapeling specifiek in
de hematopoietische cellen. Na een hoog‐vet, hoog‐cholesterol dieet van 3 maanden,
ontwikkelden deze Npc1mutant‐getransplanteerde muizen ernstige leverontsteking en
fibrose. Echter, door het verhogen van anti‐oxLDL antilichamen, verbeterde het
cholesterol metabolisme, lysosomale dysfunctie en leverontsteking in deze muizen.
Hieruit hebben we geconcludeerd dat er een direct oorzakelijk verband bestaat tussen
lysosomale cholesterol stapeling in de Kupffer cellen en leverontsteking, waarbij
oxLDL een belangrijke rol speelt.
In hoofdstuk 5 hypotheseerden we dat een immuunrespons tegen oxLDL
leverontsteking zou verminderen. Om deze hypothese te testen, hebben we Ldlr‐/‐
muizen geïmmuniseerd met hitte‐geïnactiveerde pneumococci. Vanwege een
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moleculaire gelijkenis tussen de epitopen van de Streptococcus pneumoniae bacterie
en oxLDL, geeft dit immunizatie protocol een sterke verhoging van natuurlijk
voorkomende anti‐oxLDL antilichamen. We hebben aangetoond dat zowel
leverontsteking als plasma cholesterol waarden sterk gereduceerd waren in Ldlr‐/‐
muizen na immunisatie behandeling met deze hitte‐geïnactiveerde pneumococci.
Hieruit hebben we geconcludeerd dat een vaccinatie met hitte‐geïnactiveerde
pneumococci kan dienen als preventiemiddel voor het ontstaan van NASH.
In hoofdstuk 6 hadden we de hypothese dat er een correlatie bestaat tussen plasma
cathepsine D, een lysosomaal enzyme, en de mate van leverontsteking in kinderen
met NAFLD. Lever biopten van 96 kinderen werden geclassificeerd alszijnde steatose,
borderline NASH en definitief NASH. In het plasma van deze patiënten hebben we
aangetoond dat cathepsine D significant lager is in NASH patiënten vergeleken met
steatose of borderline NASH patiënten. De geleidelijke daling van plasma cathepsine D
kwam overeen met een toenemende vorm van leverontsteking, steatose,
hepatocellulaire ballooning en NAFLD activiteitsscore. We concludeerden dat plasma
cathepsine D een bruikbare en nieuwe diagnostische methode is om leverontsteking
in kinderen te voorspellen.
In hoofdstuk 7 werd de hypothese gesteld dat er een correlatie bestaat tussen plasma
cathepsine D en de progressie en regressie van NASH in volwassenen. In tegenstelling
tot onze voorgaande observaties in kinderen met NASH, toonden we in 3
complementaire volwassen NASH cohorten aan dat plasma cathepsine D verhoogd is
in volwassen NASH patiënten vergeleken met volwassenen zonder NASH. Bovendien
vonden we een verlaging van plasma cathepsine D in volwassenen met NASH die een
chirurgische interventie ondergingen, vergeleken met de beginwaarden van
cathepsine D voor de interventie. Hieruit hebben we geconcludeerd dat een
verschillende pathofysiologie ten grondslag ligt aan het ontstaan van NASH in
kinderen ten opzichte van het ontstaan van NASH in volwassenen. De observatie dat
een correlatie bestaat tussen cathepsine D en NASH progressie en regressie is
veelbelovend en wijst naar een implementatie van plasma cathepsine D in de
diagnostiek en klinische follow‐up van NASH patiënten.
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In hoofdstuk 8 werd de betrokkenheid van lysosomale cholesterol stapeling in
macrofagen in het aandrijven van ontsteking in de context van NASH en
atherosclerose (aderverkalking) beschreven. Bovendien werden in dit hoofdstuk de
uitdagingen besproken die om de hoek komen kijken bij het verbeteren van het
cholesterol transport in macrofagen om zodoende lysosomale cholesterol stapeling te
verminderen. Tot slot werden in hoofdstuk 9 de belangrijkste bevindingen van deze
thesis geplaatst in de huidige stand van zaken.

176

Valorisation

177

S
V

178

Valorisation

Valorisation
Societal and clinical relevance
NASH is a disease frequently associated with obesity. In Western countries it is
becoming increasingly prevalent and even becomes more common in children. In a
general US population of middle‐aged adults approximately 12% have NASH.
However, the prevalence of NASH strongly increases up to 90% in an obese
population. In children, a similar trend is observed, especially when obese. The
development of NASH at a young age can have severe consequences later in life, with
progression into complicated liver disease and a shorter life expectancy. In line, NASH
patients can also progress to other chronic liver diseases such as fibrosis, cirrhosis,
liver cancer and eventually liver failure. Unfortunately, in the latter cases, the only
solution is a liver transplantation. Recent studies clearly demonstrate that NASH is
amongst the leading causes for a liver transplantation and, if left untreated, will
progress to become the primary cause in the near future. Thus, NASH is a worldwide
health concern and urgently needs adequate diagnosis and therapy. However, so far,
accurate methods and treatment options for NASH are nonexistent. The successful
results obtained in this thesis show novel methods to diagnose and inhibit NASH and
consequently, are extremely promising to society, for example, to alleviate the
economic burden related to NASH including healthcare costs. Besides NASH, these
findings also hold great potential to affect a wide range of other diseases such as
obesity‐related diseases (i.e. diabetes and atherosclerosis) and diseases that share
disease mechanisms with NASH (i.e. lysosomal cholesterol storage diseases and
alcoholic fatty liver disease).

Scientific relevance
Besides the scientific value, the results found in this thesis have enormous potential
clinical relevance and are of interest to foundations, clinicians, patient associations
and pharmaceutical companies. To make these clinicians and the pharmaceutical
industry aware of these recent discoveries and to gather novel insights from different
research perspectives, we organized the European Fatty Liver Conference in
Maastricht. In addition, we published these findings in scientific and clinical journals
relevant to our research field, such as The American Journal of Gastroenterology,
Journal of Hepatology and Hepatology and patented our research data. In order to
implement our findings into daily clinical practice, investments must be made into
successful valorization procedures upon close collaboration with scientists, clinicians
and the pharmaceutical industry. Currently, we are seeking such external
collaborations, including the pharmaceutical industry, which can help us with further
implementation. The application of a novel biomarker to detect NASH or ways to
inhibit NASH development could be of huge benefit to patients with hepatic
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inflammation. Eventually, this will result in an improvement of the quality of life of
NASH patients but will also dramatically decrease healthcare costs.
Besides NASH, our findings are also relevant to other fields of medicine. In analogy
with our observations in the liver, much of the cholesterol is also trapped inside
lysosomes of macrophages during atherosclerosis and lysosomal storage diseases.
Therefore, the obtained results are also expected to be of high value for future
research into the diagnosis and therapy of cardiovascular diseases and lysosomal
storage diseases.

Novelty
Many studies in the field of the fatty liver focus on the total amount of lipids within
the liver as the trigger for hepatic inflammation. Yet, this point of view does not
explain the presence of hepatic inflammation in some healthy lean subjects. Thus,
while most studies investigate the total lipid amount, the current thesis focused on
the different types of cholesterol and their location within the macrophage. Here, it
was shown that it is the oxidized form of LDL as the main trigger NASH, particularly
when located inside the lysosomes of the Kupffer cells. Theoretically, this view is
innovative and promising as it provides the basis for new prevention, diagnostic and
treatment options for NASH. Instead of the prescription of lipid‐lowering therapies for
NASH patients, methods to prevent or lower lysosomal cholesterol accumulation
inside the Kupffer cells should be tested in order to prevent and treat human NASH.
From a diagnostic point of view, current non‐invasive markers that are used in the
clinic to detect NASH lack specificity and sensitivity to distinguish NASH from steatosis.
In the current thesis, it was demonstrated that a novel non‐invasive marker could help
improve the detection of NASH patients before irreversible liver damage has occurred.

Potential applications

S
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The view that lysosomal cholesterol accumulation, particularly the storage of oxLDL,
inside Kupffer cells is the central trigger for hepatic inflammation makes it a unique
target for the prevention, diagnosis and therapy for NASH. Findings from this thesis
suggest that high levels of anti‐oxLDL antibody levels are protective for NASH
development. In line, a simple immunization procedure with heat‐inactivated
pneumococci is an easy and inexpensive way in order to give rise to high anti‐oxLDL
antibody levels and to prevent NASH. Such preventive immunizations are of special
interest for patients at high risk for the development of NASH.
Additionally, oxLDL should be considered as a significant risk factor for NASH and to
other diseases within the spectrum of the metabolic syndrome. Therefore, circulating
oxLDL requires close monitoring as it can add important prognostic information about
the progression and regression of NASH and other obesity‐related diseases. The view
that plasma oxLDL serves as a risk factor for NASH, makes oxLDL an ideal candidate for
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NASH therapy. Therefore, reducing the level of LDL oxidation by anti‐oxidants is a
promising therapeutic strategy to improve NASH.
Lysosomal dysfunction is an aspect subsequent to lysosomal cholesterol
accumulation, which is followed by a modified release of lysosomal enzymes into the
plasma. The obtained results from this thesis demonstrated that plasma cathepsin D,
a lysosomal enzyme, could be used to improve non‐invasive diagnosis in both children
and adults with NASH. As such, plasma cathepsin D and potentially other lysosomal
enzymes have the potential to reduce the amount of liver biopsies, which generally is
an invasive procedure that causes a lot of discomfort and stress for the patient.
Additionally, ways to lower lysosomal cholesterol are promising in ameliorating the
hepatic inflammatory response. Studies from our group clearly demonstrated that
therapies aimed at stimulating lysosomal cholesterol transport into the cytoplasm are
successful in reducing NASH. Future research is now ongoing to translate these
potential therapies to the human situation.
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Dankwoord
Eind goed, al goed. Dit is het dan, het eindresultaat van vier jaar onderzoek! Zonder
de bijdrage van allerlei mensen was dit boekje zeker niet tot stand gekomen. Daarom
wil ik in dit hoofdstuk deze personen bedanken voor hun inzet, hulp en toewijding.
Allereerst mijn promotor, Ad, dank voor de snelle gang van zaken in de afrondingsfase
van mijn PhD. Vervolgens wil ik ook alle leden van de beoordelingscommissie
bedanken voor het nalezen en het goedkeuren van mijn thesis.
Then, I am very grateful to my co‐promotor, Ronit. The first time we met I was
actually surprised to see a woman showing up (after all, reading the name Ronit could
also imply a male, right?). At that moment I never would have guessed that I would
finish a PhD traject in your group. Committed, warmhearted, professional, caring,
funny, optimistic and a true colleague. You are all of it. Many thanks for your never‐
ending encouragement and support as a co‐promotor. I am looking forward working
with you in the future.
Ger, ik bewonder je om in je overvolle agenda toch een wekelijks uurtje vrij te houden
voor onderzoek. Er zullen niet veel clinici zijn die dat gedurende vier jaar steevast
volhouden! Eén ding wat ik zeker van jou heb geleerd is de klinische kijk op
wetenschappelijke data en presentaties, iets wat wetenschappers toch vaak over het
hoofd zien. Jouw bijdrage hierin was dan ook onmisbaar. Het was fijn om jou als co‐
promotor en als mede‐organisator van het congres te hebben! Onder andere door
jouw bourgondische insteek was het een geslaagd congres. Op naar de volgende
editie. Ik kijk uit naar de toekomstige samenwerking samen met Ronit en jou.
Dan mijn paranimfen, Niki en Tom. Niki, in 2009 zijn we samen Moleculaire
Levenswetenschappen gaan studeren in Maastricht, en hebben we gedurende deze
studie zelfs stage gelopen op dezelfde afdeling bij Pul. Nu is het zover dat we beiden
ons doctoraat halen! Supertof dat we goed met elkaar kunnen opschieten en dat we
lief en leed regelmatig met elkaar delen tijdens een koffie‐ of lunchpauze. Ik voel me
dan ook vereerd om ook jouw paranimf te zijn binnenkort. :‐) Dan Tom, onze
‘benjamin’ van de groep, als jouw begeleider ben je drie jaar geleden begonnen aan je
laatste Master stage bij ons. Je was één van de eerste studenten die ik onder mijn
hoede nam en ik wist niet goed wat ik kon verwachten. Je was een aangename
verrassing en hebt me veel werk uit handen genomen! Begeleiding was zelden nodig
aangezien je zelfstandig, gemotiveerd en gedreven was, en nog altijd bent. Inmiddels
ben je zelf goed op weg met je eigen onderzoek bij ons en weet ik zeker dat je je PhD
op een succesvolle manier zal afronden. Bedankt om mijn paranimf te zijn!
De andere leden van de ‘liver‐lover’ groep, Patrick, Jieyi, Tim, Mike en sindskort ook
Yvonne. Het was heel fijn om met jullie samen te werken! Het ‘treintje’ tijdens de
muisopofferingen loopt lang niet zo soepel als één van jullie er niet is. Bedankt voor
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jullie bijdrage, de goede sfeer, de vele (en soms lange) wetenschappelijke discussies
en de ontzettend leuke tijd! Gewoon super, ik heb er echt van genoten!
Patrick, bij jou kon ik altijd terecht met mijn praktische vragen. Met jouw kennis en
labexpertise kreeg ik er vaak (figuurlijk gezien) honderd vragen voor in de plaats
terug. :‐) Ik wil je bedanken voor alle labhulp, van de muisexperimenten tot aan de
cathepsine kits. Dr. Tim, al sinds de Master studie zo ongeveer mijn buurman‐
kamergenoot, allebei begonnen bij Ronit als stagiaires en erna samen bij haar kunnen
starten als PhD student. Ik vond het super dat ik je paranimf mocht zijn, nogmaals
bedankt daarvoor! Ik wens je heel veel succes en geluk toe in Wenen met Sabrina! Dat
komt helemaal goed met jullie. Wordt het overigens niet tijd dat we met de hele
‘liver‐lover’ groep een weekend afkomen voor een Oostenrijks feestje? Mike, onze
labrat, als er iets op het lab gedaan moet worden, dan wordt dat ook gedaan! Jouw
praktische expertise is van onmisbare waarde en nieuwe lab uitdagingen ga je dan ook
niet uit de weg. Succes met het laatste jaar van zowel jou als ook die van Monique!
Kunnen we een duo‐promotie verwachten? Jieyi, humble yet determined to make
your projects a success. I am convinced you will have a great PhD thesis in the end.
Onze laatste aanwinst (maar zeker niet de minste), Dr. Yvonne, aan energie geen
gebrek. Ik heb enorm veel respect voor wat je allemaal doet! Vervolgens alle
studenten en medewerkers die hun steentje hebben bijgedragen aan verscheidene
projecten en tijdelijk op onze afdeling werken of hebben gewerkt; Lennart, Mandy,
Joris, Nathalie, Samantha, Rick, Riina, Maria, Robbin, Kosta, Armand, Isabell, Ruby,
Ilona, Magda, Albert, Paula en Mitch. Bedankt voor jullie inzet!
Veerle, bij jou ben ik begonnen als student op het pneumococcen project. Je hebt me
wegwijs gemaakt op het lab en in het wereldje van leveronderzoek, mijn dank
daarvoor. Het is mede dankzij deze stage dat mij heeft doen besluiten om verder te
gaan in de academische onderzoekswereld.
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Dan ga ik verder met de huidige collega’s van de afdeling, Jan, Dietbert, Willem en
Joost, bedankt voor jullie input tijdens de labchats, seminars, journal clubs en andere
meetings. Petra, bedankt voor alle hulp bij de administratieve beslommeringen die ik
de afgelopen jaren op jouw bordje heb gelegd, niet alleen omtrent de promotie, maar
ook met allerlei andere kleinigheidjes. Dip, good luck with your continuation of your
postdoc. Karen, it was truly a lot of fun to organise the Labuitje with you. If only I had
a small talent of your cooking skills. It always smells delicious. Will, bedankt voor jouw
bijdrage aan het Labuitje. Yilin, all the best of luck for your final PhD year. Vivian, ik
weet zeker dat zonder jou het lab er heel anders uit zou zien, bedankt voor het op
orde houden ervan, uiteraard ook met hulp van Will en Patrick. Marion, onze
‘flexwerker’, knap hoe je op zoveel verschillende locaties kan werken en toch van alle
nieuws op de hoogte bent. Merci voor alle babbels en histologische hulp! Daarnaast
zal ik onze gezamenlijke labuitjes, etentjes, Ladies‐avondjes, koffiepauzes, de jaarlijkse
pretparkbezoekjes, kartavonden, bowling avondjes, lunchpauzes, feestjes,
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wandeltochtjes, Bicky‐burger middagen, high‐teas, vrijdagmiddagborrels en andere
uitstapjes niet vergeten! Bedankt voor de leuke en bovenal gezellige tijden!
Miranda, Dimitris en Monique, mijn huidige kamergenootjes, bedankt voor de goede
sfeer op onze kamer en uiteraard heel veel succes met jullie postdoc‐onderzoeken.
Aan alle voormalige collega’s van onze afdeling, Emiel, Kosta en Marjo, bedankt voor
jullie feedback tijdens ons macrofaagclubje. Goed dat deze meeting nog altijd
plaatsvindt. Dan Marie, Yeliz, Chantal, Laura, Guus, Lauran en Ine, allen heel hartelijk
dank voor de leuke tijd! Nadine, een nieuw huis in het vooruitzicht. Alvast veel plezier
met het samenstellen van je nieuwe interieur! :‐) Peggy, je bent goed terecht
gekomen in het onderwijs, het past bij je en ik weet zeker dat je hier ook een succes
van gaat maken, net zoals je van je PhD gemaakt hebt.
Professor David Leake, my sincere thanks for giving me the opportunity to perform
research and to be part of your pleasant group in Reading. I look forward to
continuing our fruitful collaboration.
Meiden van de Pul, ook voor jullie een bedankje! Met jullie wordt de kloof tussen Pul
en MolGen een stuk kleiner. Leuk dat we regelmatig met elkaar afspreken, dat
houden we erin! Renske, bedankt voor de gezellige koffiepauzes en ik kijk uit naar
jouw feestje samen met Dennis volgend jaar..!
Aan het BC Broekhin clubje, Simone, Karin, Marleen en Ivo. Supertof dat we nog (al is
het soms sporadisch) contact hebben, ondanks dat we al 10 jaar van het middelbaar
af zijn. Simone, aangezien we in hetzelfde schuitje zitten, was het soms even fijn om
bij te praten over onderzoek, onderwijs en alles wat daarbij komt kijken.
Esther, bedankt voor jouw altijd oprechte belangstelling voor zowel mijn onderzoek
als ook daarbuiten. :‐)
Aan alle familieleden, bedankt voor het tonen van jullie interesse. Hopelijk biedt dit
boekje enigszins inzicht in waar ik me de afgelopen jaren mee bezig heb gehouden.
In het bijzonder, pap, mam, bedankt voor alle goede zorgen! Als ik bij jullie langskom
is het even relaxen, alles wordt gedaan en ik hoef even nergens aan te denken! Jorrit,
Nory en Wilbert, ook jullie bedankt voor het tonen van jullie interesse tijdens deze
periode.
Davy, niets is onmogelijk met jou. Zo leren we elkaar kennen en zo wonen we samen.
Bedankt voor alle (grafische) hulp de afgelopen tijd! Hopelijk gaan we samen een
mooie toekomst tegemoet.
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