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General introduction

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

NAFLD is a metabolic disorder characterized by fat accumulation in the liver in 
the absence of chronic alcohol consumption [3]. Clinically, NAFLD encompasses 
a broad spectrum of liver conditions ranging from fat accumulation (steatosis) 
to steatosis with inflammation (non-alcoholic steatohepatitis, NASH), which can 
further progress to fibrosis, cirrhosis and ultimately to hepatocellular carcinoma 
[4]. Patients with NAFLD are at risk to develop other metabolic complications such 
as cardiovascular disease (CVD) [5-7] and have a higher overall mortality [7,8].

1. Prevalence and diagnosis of NAFLD

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

NAFLD is often an asymptomatic disease and the majority of patients with 
NAFLD are identified by increased liver enzymes (alanine aminotransferase, ALT; 
aspartate aminotransferase, AST) during a routine blood test [13]. Although liver 
enzymes (i.e. ALT) levels have shown to be a good predictor of hepatic steatosis 
[14], ALT levels can be found normal in patients with severe liver pathology [15]. 
While steatosis can be diagnosed by non-invasive imaging, such as ultrasound 
and magnetic resonance imaging (MRI), none of these techniques can detect 
inflammation. Consequently, invasive liver biopsy is currently the gold-standard for 
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diagnosing the advanced stages of NAFLD (NASH and fibrosis) as well as monitoring 
disease progression [16]. Differentiating NASH from simple steatosis is important, 
because longitudinal studies have shown that patients with steatosis have similar 
life expectancy to that of the general population of same age and sex [17], while 
NASH patients have significantly higher total mortality rates [8]. Moreover, the 
degree of fibrosis in NASH patients is associated with a higher risk of liver-related 
morbidity and mortality [7,18].

1.1 Pathophysiology of NAFLD

1.1.1 Histopathology

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

The histological features of NASH include steatosis, hepatocellular injury 
(usually characterized by hepatocellular ballooning), and lobular inflammation 
[20] (figure 1). Hepatocellular ballooning refers to swelling of hepatocytes with 
rarefied cytoplasm and is associated with cytoskeletal injury [21]. The ballooning 
hepatocytes are mainly located near steatotic hepatocytes and are often, but not 
always, associated with perisinusoidal fibrosis. Lobular inflammation in NASH is 
characterized by the presence of inflammatory aggregates, which are typically 
composed of a mixture of innate and adaptive immune cells, such as neutrophils, 
lymphocytes and macrophages [22].
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1.1.2 Grading and staging of disease

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

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

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

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

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

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

1.2.1 The role of white adipose tissue in liver pathology

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

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

Although obesity is strongly associated with metabolic complications, the 
distribution of fat appears more important than the total amount of fat mass 
per se. Increased intra-abdominal fat, but not subcutaneous fat, has been 
positively associated with insulin resistance [40] and contributes to increased 
FFA flux towards the liver in insulin-resistant individuals [31]. Furthermore, 
intra-abdominal fat mass strongly correlates with liver inflammation and fibrosis, 
whereas the amount of subcutaneous fat is not associated with histological 
changes in the liver [40].
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Not only the distribution of fat mass in particular WAT depots may be 
of importance in NASH development, evidence also points to a role of the 
inflammatory state of WAT [41]. For instance, longitudinal studies in rodents 
demonstrated that HFD-induced expression of inflammatory genes in WAT precedes 
the development of NASH in obesity [42,43]. Furthermore, Cancello and colleagues 
[44] have shown that obese humans with inflamed intra-abdominal WAT have 
more fibro-inflammatory lesions in the liver than equally obese subjects without 
WAT inflammation. It is postulated that inflammation in WAT results in increased 
production of pro-inflammatory cytokines and adipokines (e.g. TNFα, leptin) and 
decreased production of protective adipokines (adiponectin) [45]. This imbalance 
in adipokines is thought to contribute to the development of NASH. Although 
evidence suggests that WAT constitutes an important source of inflammation in 
NAFLD, experimental proof for a causal role of WAT in NASH is still lacking.

1.2.2 The role of dietary cholesterol in liver pathology

Growing evidence suggest that cholesterol is a critical factor in the development 
of NASH. Data from epidemiological studies link dietary cholesterol intake to the 
risk and severity of NAFLD [46,47]. In line with this, expression of inflammatory 
genes were increased in livers of mice fed a high-cholesterol diet (1% w/w) but 
not with a lower concentration (0.25% w/w) [48]. Other experimental studies have 
shown that dietary cholesterol negatively affect the balance between storage and 
oxidation of fatty acids in the liver [49] and can lead to oxidative stress and hepatic 
inflammation [50]. Furthermore, increased levels of hepatic free cholesterol 
are observed in experimental [29,51-53] and human NASH [29,54,55], while 
lowering of excess hepatic free cholesterol levels improved liver disease severity 
[27,53,56,57]. Mechanistic studies have shown that free cholesterol accumulation 
in the liver can promote inflammation and fibrogenesis through the activation of 
intracellular signaling pathways in hepatic resident macrophages (Kupffer cells) 
[27] and hepatic stellate cells [58]. However, other studies in mice using dietary 
cholesterol have shown that hepatic inflammation can develop without steatosis 
[52] and obesity [59]. Furthermore, cholesterol-induced hepatic inflammation did 
not contribute to the development of insulin resistance in male LDLr-/-mice [60] 
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and addition of cholesterol to a high-fat diet (HFD) can protect from HFD-induced 
insulin resistance in mice (Hanemaaijer, Pieterman unpublished results). These 
data suggest that dietary cholesterol contributes to NASH development that is 
independent of insulin resistance.

1.2.3 Inflammatory processes in liver during NASH

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

Kupffer cells are the primary sensors of PAMPs and DAMPs and considered key 
players in the pathogenesis of NASH, as depletion of these cells in mice results 
in resistance to develop hepatic steatosis, inflammation and fibrosis [62,63]. 
Specifically, the dysregulation between pro-inflammatory macrophages (M1) 
and anti-inflammatory macrophages (M2) is emerging as a central mechanism 
driving inflammation [64]. During NASH development, activation of Kupffer cells 
by inflammatory factors (e.g. FFA) may shift their phenotype towards a pro-
inflammatory M1 state. Activation of Kupffer cells may also govern the recruitment 
of blood–derived monocytes/macrophages during NASH. Both, Kupffer cells and 
recruited macrophages enhance local inflammation and produce inflammatory 
mediators (e.g. TNFα, IL-1β) which, in turn, can further stimulate hepatocytes and 
stellate cells to induce steatosis and fibrosis, respectively [65].
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Evidence suggests that recruitment of macrophages into the liver is primarily 
promoted by monocyte chemotactic protein-1 (MCP-1), a chemokine that is 
upregulated in livers of NASH patients [66]. In turn, MCP‑1 drives the recruitment 
of C–C chemokine receptor 2 (CCR2) expressing monocytes into the liver. Genetic 
deletion of MCP-1 or CCR2 has been shown to reduce steatosis and macrophage 
infiltration in livers of mice [67,68], suggesting that interventions directed at CCR2 
can represent an potential target for the treatment of NASH.

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

1.3 NAFLD and CVD

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

Patients with NAFLD frequently have a disturbed lipid profile characterized by 
high triglyceride levels, increased (very) low-density lipoprotein ((V)LDL) cholesterol 
levels and decreased levels HDL cholesterol [5]. This unfavorable lipid profile drives 
atherosclerosis development and can, for instance, be the result of increased 
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hepatic production of triglyceride-rich VLDL to reduce metabolic overload in the 
liver [74].

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

1.4 Treatments of NAFLD

1.4.1 Lifestyle intervention

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

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

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

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

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

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

The side effects of TZDs however are of great concern, in particular weight gain, 
which tend to persist after discontinuation of the treatment [86]. Furthermore, the 
long-term safety of glitazones has been debated concerning the increased risk for 
cardiovascular events [93]. Hence, rosiglitazone was withdrawn from the market 
in September 2010. In November 2013, the U.S. Food and Drug Administration 
(FDA) has lifted its earlier restrictions for the use of rosiglitazone, as recent data did 
not show increased risk of heart attack compared to the standard type 2 diabetes 
medicines, such as metformin [94].

1.4.3 Nutritional interventions

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

1.5 Outline of this thesis

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

The first part of this thesis focuses on the link between WAT and liver, in which 
we studied the potential role of WAT in NASH development (Chapter 2). As obesity-
induced inflammation in WAT is thought to be critical in NASH development, we first 
examined the sequence of inflammatory events in different WAT depots and liver 
in a time-course experiment in context of diet-induced obesity. In a subsequent 
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experiment, we examined whether WAT is causally involved in NASH development 
by surgical removal of a specific inflamed WAT depot. As WAT may constitute a 
new target for the treatment of NAFLD, we next examined whether intervention in 
WAT inflammation with rosiglitazone (a PPARγ activator) would attenuate NAFLD 
development (Chapter 3).

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

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

Metabolic overload results in the increased fat deposition within the liver, 
however it is unclear whether a distinct type of fat storage i.e. macrovesicular or 
microvesicular steatosis, contributes to NAFLD progression. Therefore, in chapter 7 
we studied whether a potential relationship exists between the type of steatosis 
and the onset of hepatic inflammation in different experimental models of NASH 
that were also used in the previous chapters. Finally, the results obtained in the 
studies described herein and their implications are discussed in chapter 8.
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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) is strongly associated 
with abdominal obesity. Growing evidence suggests that inflammation in specific 
depots of white adipose tissue (WAT) plays a key role in NAFLD progression, but 
experimental evidence for causal role of WAT is lacking.

Methods: A time-course study in C57BL/6J mice was performed to establish which 
WAT depot is most susceptible to develop inflammation during high-fat diet (HFD)-
induced obesity. Crown-like structures (CLS) were quantified in epididymal (eWAT), 
mesenteric (mWAT) and inguinal/subcutaneous (iWAT) WAT. The contribution of 
inflamed WAT to NAFLD progression was investigated by surgical removal of a 
selected WAT depot and compared to sham surgery. Plasma markers were analyzed 
by ELISA (cytokines/adipokines) and lipidomics (lipids).

Results: In eWAT, CLS were formed already after 12 weeks of HFD which coincided 
with maximal adipocyte size and fat depot mass, and preceded establishment of 
non-alcoholic steatohepatitis (NASH). By contrast, the number of CLS were low 
in mWAT and iWAT. Removal of inflamed eWAT after 12 weeks (eWATx group), 
followed by another 12 weeks of HFD feeding, resulted in significantly reduced 
NASH in eWATx. Inflammatory cell aggregates (-40%; p<0.05) and inflammatory 
genes (e.g. TNFα, ‑37%; p<0.05) were attenuated in livers of eWATx mice, while 
steatosis was not affected. Concomitantly, plasma concentrations of circulating pro-
inflammatory mediators, viz. leptin and specific saturated and monounsaturated 
fatty acids, were also reduced in the eWATx group.

Conclusion: Intervention in NAFLD progression by removal of inflamed eWAT 
attenuates the development of NASH and reduces plasma levels of specific 
inflammatory mediators. These data support the hypothesis that eWAT is causally 
involved in the pathogenesis of NASH.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a significant health problem and the most 
common form of chronic liver disease world-wide [1,2]. The prevalence of NAFLD 
parallels the steady increases in the rates of obesity, and consumption of saturated 
fat is positively associated with the risk of NAFLD [3]. Clinicopathologically, NAFLD 
comprises a wide spectrum of liver damage ranging from bland steatosis (NAFL) 
to non-alcoholic steatohepatitis (NASH), fibrosis and ultimately cirrhosis [4]. Bland 
steatosis is benign whereas NASH is characterized by hepatocyte injury, TNFα-
mediated inflammation [4], and a high risk of liver-related morbidity and mortality 
[1].

The pathogenesis of NAFLD is not fully understood, and the factors that 
contribute to disease progression from bland steatosis to NASH remain enigmatic. 
Epidemiological and human observational studies do provide indications that 
progressive NAFLD is strongly associated with white adipose tissue (WAT) 
inflammation, insulin resistance, and elevated circulating levels of inflammatory 
mediators including certain adipokines and lipids [5-10]. Furthermore, longitudinal 
rodent studies demonstrated that high fat diet (HFD)-induced expression of 
inflammatory genes in WAT precedes the development of NASH in disease models 
with obesity, suggesting a potential role of inflamed WAT in NAFLD progression 
[11]. Also, the severity of the NAFLD pathology appears to be closely linked to WAT 
dysfunction, i.e. hypertrophy of adipocytes combined with macrophage infiltration, 
formation of crown-like structures (CLS) and enhanced expression of inflammatory 
genes [12]. Hence, it has been postulated that obesity-induced inflammation in 
WAT is critical for the development of NAFLD [13,14], but experimental evidence 
for an involvement of WAT is still lacking.

WAT is a complex endocrine organ that is composed of different depots among 
which the intra-abdominal (e.g. epididymal and mesenteric) and subcutaneous 
(e.g. inguinal) WAT depots [15,16]. These depots are thought to play different 
roles in energy storage and inflammation [13,15,16] and may thus have different 
contributions to the pathogenesis of NAFLD. The temporal development of 
inflammation (i.e. CLS formation) in WAT depots has not been systematically 
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investigated and it is not known whether a particular depot is more prone to 
become inflamed during HFD-induced obesity and associated NAFLD.

The present time-course study analyses HFD-evoked changes in epididymal 
(eWAT), mesenteric (mWAT) and inguinal WAT (iWAT) with specific emphasis on 
adipocyte hypertrophy and WAT inflammation (CLS formation). To that end, a 
cohort of male C57BL/6J mice was treated with HFD for a period of 24 weeks. 
Groups of mice were sacrificed at regular intervals, and compared to chow controls. 
Longitudinal histological analyses revealed that a particular depot (eWAT) is highly 
susceptible to develop inflammation with pronounced CLS formation after already 
12 weeks. In a separate experiment, the inflamed eWAT depot of obese HFD-fed 
mice was surgically removed (after 12 weeks on a HFD) to examine a potential role 
of eWAT in the subsequent development of NASH. Our results provide evidence 
that inflamed eWAT plays an important role in the pathogenesis of NASH. Analysis 
of adipokines and circulating lipids by lipidomics supports the view that circulating 
inflammatory factors derived from eWAT mediate NASH development.

Material and methods

Animals and housing

Animal experiments were approved by an independent Animal Care and Use 
Committee and were in compliance with European Community specifications for 
the use of laboratory animals.

Time-course cohort study

Male 9-week old wild-type C57BL/6J mice (n=84) were obtained from Charles River 
Laboratories (L’Arbresle Cedex, France). After an acclimatization period of 3 weeks on 
chow diet (R/M-H, Ssniff Spezialdieten GmbH, Soest, Germany; containing: 33 kcal% 
protein, 58 kcal% carbohydrate and 9 kcal% fat), mice were matched into 7 groups of 
n=12 mice each based on body weight. One group was sacrificed after matching to 
define the starting condition of the experiment (t=0). Three groups were treated with 
high-fat diet (HFD; D12451, Research Diets Inc., New Brunswick, USA; with 20 kcal% 
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protein, 35 kcal% carbohydrate and 45 kcal% lard fat) and three control groups remained 
on chow. Mice had ad libitum access to food and water and groups were sacrificed after 
6, 12 and 24 weeks on diet respectively. Plasma samples were collected after 5h fasting 
at 4-week intervals. Animals were sacrificed by CO2 asphyxiation, a serum sample 
was collected by heart puncture; and liver, epididymal (eWAT), mesenteric (mWAT) 
and inguinal (iWAT) WAT were isolated. A part of the tissues was fixed in formalin and 
paraffin-embedded for histological analysis, another part was snap-frozen in liquid 
nitrogen and stored at -80°C for real-time polymerase chain reaction (RT-PCR).

Surgical removal of epididymal adipose tissue depot (eWAT)

In a separate HFD-feeding experiment the contribution of eWAT to NASH development 
was analyzed. Male 9-week old wild-type C57BL/6J mice (Charles River Laboratories, 
L’Arbresle Cedex, France) were acclimatized for three weeks and matched in two 
groups (n=15/group), after 12 weeks of HFD feeding based on body weight and fasting 
plasma insulin concentrations. All mice were injected subcutaneously with carprofen 
analgesic (5 mg/kg) 30 minutes prior to surgery and anesthetized with isoflurane 
during surgery. In the eWATx group, both eWAT fat pads were surgically removed 
through a mid-ventral abdominal incision as described [17]. Testes were visualized 
and the attached epididymal fat pads were carefully removed and weighed, without 
damaging the testicular blood supply. In the sham group, a mid-ventral incision was 
made and the epididymal fat pads were visualized, i.e. fat pads were pulled out, 
but were left intact and placed back inside the peritoneal cavity. One animal from 
the eWATx group died during surgery and was therefore excluded from the study. 
Daily food intake and body weight regain were evaluated to determine recovery from 
surgery. After surgery, mice continued HFD feeding for another 12 weeks and were 
then sacrificed for histological evaluation of livers.

Histological, biochemical, lipidomic and gene expression analyses

A detailed description of biochemical, lipidomic and gene expression analyses is 
provided as Supplement 1. For histological analysis of livers, 5-µm-thick cross-
sections were stained with Hematoxylin-Eosin (HE). NAFLD was scored blindly using a 
general scoring system for rodent models which is based on the human NAS grading 
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criteria [18]. Briefly, microvesicular steatosis and macrovesicular steatosis were 
separately scored and expressed as a percentage of the cross-sectional area. Hepatic 
inflammation was analyzed by counting the number of inflammatory foci per field 
at a 100x magnification (view size 3.1 mm2) in five different fields per specimen. For 
WAT, paraffin-embedded cross sections (5 μm thick) were stained with Hematoxylin-
Phloxine-Saffron (HPS) for quantification of adipocyte size and CLS using an Olympus 
BX51 microscope and CellˆD software (Olympus, Zoeterwoude, The Netherlands). 
The number of CLS was counted in 5 fields (100x magnification) per mouse and depot 
and data were expressed as number of CLS per 1000 adipocytes.

Statistical analysis

All data are presented as mean±SEM. Significance of differences of continuous 
variables between HFD fed and chow fed animals was tested using student’s 
t-test. Changes over time between the different HFD groups (t=0, 6, 12 and 24 
weeks) were statistically analyzed by One-way ANOVA and Tukey post-hoc test 
(normally distributed variables). Non-normally distributed variables were tested by 
non-parametric Kruskal-Wallis test followed by Mann-Whitney U tests. Statistical 
significance of differences between SHAM and eWATx was tested using unpaired 
one-sided t-tests. Paired two-sided t-tests were used to calculate the significance 
of induction of inflammatory mediators in plasma (fatty acids and adipokines) 
between week 12 and week 24 (i.e. before and after surgery) within each group. 
Results were considered statistically significant at p<0.05. Analyses were performed 
using Graphpad Prism software (version 6, Graphpad Software Inc. La Jolla, USA).

Results

Time-resolved analysis of HFD-induced obesity, hyperinsulinemia and 
hyperglycemia in a cohort of mice

Mice had an average body weight of 26.2±1.0 g at the start of the experiment (t=0). 
Body weight was significantly higher in mice on a HFD compared to control mice 
already after 4 weeks of diet feeding and HFD-fed mice reached a final body weight 
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of 51.6±0.8g versus 33.3±0.7g in chow-fed control mice at 24 weeks of diet feeding 
(Figure 1A). HFD feeding significantly increased fasting plasma insulin (8.2±0.2 ng/
mL) compared to chow (1.6±0.2 ng/mL) (Figure 1B). The HFD effect on insulin was 
accompanied by a significant increase in fasting plasma glucose (15.1±0.5 mM), 
compared to on chow (10.9±0.4 mM) (Figure 1C). Plasma triglycerides concentrations 
were comparable between HFD and chow treated groups and decreased slightly over 
time (not shown). Altogether, these data show that HFD-treated mice developed 
obesity, hyperinsulinemia and hyperglycemia, all of which are associated with NAFLD.

Figure 1. Time-course analysis of the effect of HFD on body weight and metabolic parameters. 
(A) HFD feeding increased body weight compared to chow control diet. HFD feeding gradually 
increased fasting plasma concentrations of (B) insulin and (C) glucose compared to chow. Data 
are mean±SEM (n=12/group per time point), *p<0.05,**p<0.01,***p<0.001 versus chow control.

HFD feeding induces liver steatosis by week 12 which progresses to NASH

Livers collected at t=0, 6, 12 and 24 weeks of diet feeding were analyzed for steatosis 
and presence of inflammatory cell aggregates to evaluate development of NASH 
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(representative images shown in Figure 2A). HFD feeding resulted in modest steatosis 
by week 12 which intensified significantly towards the end of the study, while chow-
fed mice showed no steatosis and normal liver histology at all the time points (not 
shown). Quantification of distinct forms of steatosis, i.e. micro- and macrovesicular 
steatosis, demonstrated a gradual increase in HFD-induced microvesicular steatosis 
over time (Figure 2B). By contrast, macrovesicular steatosis (a hallmark of overt human 
NASH [4]) had hardly developed by week 12, but was significantly increased in week 
24 (Figure 2C). HFD-induced liver steatosis can be attributed to significant increases 
in liver triglycerides as measured biochemically in corresponding liver homogenates 
(Figure 2D). Lobular inflammation was specifically induced by HFD (Figure 2E), not by 
chow, and showed a similar time pattern as macrovesicular steatosis. More specifically, 
the number of inflammatory cell aggregates (an indicator of lobular inflammation 
[18]) remained low until week 12 and increased significantly by week 24. HFD-induced 
lobular inflammation was accompanied by significantly increased TNFα and MCP-1/
CCL2 gene expression in livers at t=24 weeks (Figure 2F-G).

Taken together, these data demonstrate that 12 weeks of HFD feeding resulted 
in bland steatosis which progressed to NASH by week 24 as demonstrated by the 
establishment of pronounced macrovesicular steatosis and lobular inflammation.

Epididymal WAT depot is prone to develop HFD-induced inflammation

We next examined whether the epididymal (eWAT), mesenteric (mWAT) and 
inguinal (iWAT) depots would differ in their susceptibility to develop inflammation 
during HFD-feeding and we defined the time point at which CLS formation started 
in the various depots. HFD-feeding led to an increase in mass of eWAT, mWAT 
and iWAT depots over time (Figure 3A), while the mass of the depots remained 
unchanged on chow (not shown). eWAT mass increased strongly at week 6 and 
reached a maximum already in week 12 (2.4±0.1g). By contrast, the mass of mWAT 
and iWAT increased continuously over time until the end of the experiment (Figure 
3A). In all WAT depots, adipocytes increased in size during HFD feeding indicating 
that adipocyte expansion is a generic response of all WAT depots. However, the 
adipocytes of eWAT rapidly reached a maximal size in week 6 (Figure 3B). 
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Figure 2. Time-resolved development of NAFLD induced by HFD feeding. (A) Representative 
photomicrographs of HE-stained liver cross-sections of mice treated with HFD for 0,6,12 or 24 
weeks (magnification x100). Histological analysis of (B) microvesicular and (C) macrovesicular 
steatosis as percentage of the cross-sectional area (n=6-12/group per time point). (D) 
Biochemical quantification of hepatic triglyceride content (n=11-12/group). (E) Development of 
lobular inflammation in liver over time defined as the number of inflammatory cell aggregates 
(n=6-12/group per time point). (F) Gene expression of TNFα and (G) MCP-1 in liver over time. 
Data (n=8/group) are expressed as fold-change in gene expression relative to t=0. Data are 
mean±SEM. a,b,c Mean values with unlike letters differ significantly from each other (p<0.05).
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Adipocytes in the other depots were still smaller at this time point and their size 
increased more slowly and gradually until the end of the study. Notably, in week 6 
first CLS were observed in eWAT specifically and their numbers increased greatly in 
week 12 when the maximal capacity of eWAT seemed to be reached (viz. maximal 
mass and maximal adipocytes size) (Figure 3C). CLS formation in eWAT was more 
rapid and pronounced than in mWAT and iWAT (Figure 3C-D) showing that eWAT 
is most prone to develop HFD-induced inflammation. In mWAT, CLS numbers 
increased later than in eWAT (by week 24) and when maximal average adipocyte 
size was reached, essentially as observed in eWAT. These observations show that 
the expandability of a depot (and its adipocytes) is limited and that this depot-
specific restriction seems critical for the development of inflammation. In all, our 
time-resolved histological analyses show that HFD-induced WAT inflammation 
starts in a specific depot (eWAT) and increases strongly when eWAT has expanded 
maximally (at t=12 weeks). Importantly, eWAT inflammation coincides with bland 
steatosis and hence precedes the development of NASH.

Surgical removal of inflamed eWAT attenuates NASH development

To examine whether eWAT is causally involved in the progression of liver steatosis 
to NASH, we performed a separate HFD feeding experiment in which eWAT was 
surgically removed in one group (eWATx) and compared to a SHAM surgery control 
group (SHAM). The surgery was performed after week 12 of HFD feeding, i.e. the 
time point at which livers in the above time‑course experiment were steatotic and 
eWAT was inflamed.

Body weight at the time of surgery was comparable between SHAM and 
eWATx groups (SHAM: 42.3±1.2g, and eWATx: 42.3±0.9g; Figure 4A). On average 
1.9±0.1g of eWAT was removed and this reduction in fat mass was reflected in the 
body weight of eWATx mice the day after surgery (SHAM: 41.6±1.7g; and eWATx: 
39.5±1.2g, not shown). CLS were abundantly present in this tissue, confirming 
pronounced inflammation at the time of surgery (Figure 4B). Food intake was 
comparable between the eWATx and SHAM group throughout the study. The total 
body weight at the end of the experiment was 47.1±1.3 g in SHAM and 46.7±0.9 g 
in eWATx, and whole body fat mass determined by EchoMRI was slightly lower in 
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Figure 3. Effect of HFD feeding on the quantity and inflammatory state of the epididymal 
(eWAT), mesenteric (mWAT) and inguinal (iWAT) white adipose tissue (WAT) depots. (A) WAT 
mass of eWAT, mWAT and iWAT depot during HFD-feeding time-course experiment (n=12/
group per time point). (B) Development of adipocyte cell size of the different WAT depots 
quantified by morphometric analysis of HPS-stained sections. (C) Quantitative analysis of the 
number of crown-like structures (CLS) in the different WAT depots over time (n=8-12/group 
per time point). (D) Representative images of HPS-stained cross-sections of eWAT, mWAT and 
iWAT after 24 weeks of HFD (magnification x200). Data are mean±SEM. a,b,c,d Mean values with 
unlike letters differ significantly from each other (p<0.05).



Chapter 2

40

eWATx mice (not significant, Figure 4C), while lean mass was comparable between 
the groups (SHAM: 29.1±0.6g vs. eWATx: 29.7 ±0.4g, ns). Fasting plasma glucose 
concentrations increased during the experiment, essentially as observed in the 
time-course study, and hyperglycemia was comparable in both groups (SHAM: 
14.6±0.7 mM vs. eWATx: 15.2±0.6 mM; ns). Isolation of individual fat depots after 
sacrifice in week 24 showed that eWAT mass was significantly reduced in eWATx 
(Figure 4D). The mass of mWAT, iWAT (Figure 4D) and retroperitoneal WAT (not 
shown) was comparable in both groups indicating that these depots did not 
compensate for the removed eWAT.

Histological analysis of livers revealed that eWATx mice exhibited a similar 
degree of micro- and macrovesicular steatosis compared with SHAM mice (Figure 
5A-C). Biochemical analysis of liver triglycerides in liver homogenates showed no 
significant difference between the groups (SHAM: 160.8±18.9 µg/mg liver protein 
vs. eWATx: 170.5±16.2 µg/mg liver protein; ns). Minor liver lipids (cholesteryl 
esters and free cholesterol) were also comparable between the groups (data 
not shown). Remarkably, eWATx livers displayed a significantly reduced number 
of inflammatory cell aggregates indicating attenuated NASH development upon 
eWAT removal (Figure 5D). Reduced liver inflammation was substantiated by a 
significantly decreased gene expression of TNFα (Figure 5E) and MCP‑1 (trend 
p=0.08; Figure 5F) in eWATx livers.
Collectively, these results show that surgical removal of inflamed eWAT significantly 
attenuates the development of NASH in absence of an effect on hyperglycemia 
and demonstrates a causal role of eWAT in the pathogenesis of NAFLD. We next 
analyzed circulating factors that could mediate this effect on liver.

Surgical removal of eWAT affects circulating levels of pro-inflammatory mediators

The effects of eWAT removal on adipokines and lipids associated with NAFLD 
development were assessed. In eWATx, the IL-6 serum concentrations were slightly 
lower (5.5±2.6 pg/ml) than in SHAM (7.0±2.5 pg/ml, not shown) but the difference was 
not statistical significant. The eWATx and SHAM groups also had comparable plasma 
concentrations of MCP-1 (86.6±11.7 pg/ml vs. 80.8±13.3 pg/ml; ns) and adiponectin 
(13.6±1.1 µg/ml vs. 14.3±1.2 µg/ml; ns). By contrast, plasma leptin concentrations 
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increased significantly in SHAM mice and this increase was not observed in eWATx 
mice (Figure 6A). Plasma leptin levels also correlated positively (r2=0.7; p=0.01) with 
hepatic Mcp-1 expression suggesting a link to hepatic inflammation.

Figure 4. Effect of surgical removal of eWAT on body weight and other WAT depots. Mice 
were fed HFD and, on average, 1.9 gram of eWAT was carefully removed after 12 weeks of HFD. 
(A) Body weight development of the eWATx and SHAM group. The dashed line indicates the 
time point of surgery. (B) Representative image of a HPS-stained eWAT cross-section showing 
presence of inflammatory cells and CLS at time of removal (magnification x200). (C) Analysis 
of total fat mass measured by EchoMRI in week 24 of HFD. (D) Mass of eWAT, mWAT and iWAT 
isolated at the end of the study (24 weeks of HFD) in eWATx and SHAM group. The eWAT mass 
of eWATx mice was significantly lower than in SHAM. Data also show that mWAT and iWAT 
did not compensate for the removed eWAT. Data are mean±SEM (n=14‑15/group),***p<0.001 
versus SHAM.
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Figure 5. Effect of surgical removal of eWAT on NAFLD development. (A) Representative 
images of HE-stained liver sections (magnification x100). (B) Quantification of microvesicular 
steatosis and (C) macrovesicular steatosis as percentage of the cross-sectional liver area 
(n=14-15/group). (D) Number of inflammatory cell aggregates in livers of eWATx and SHAM 
mice. Liver gene expression of (E) TNFα and (F) MCP-1 in eWATx and SHAM. Real-time PCR 
data are expressed as fold-change in gene expression relative to SHAM (n=8/group). Data are 
mean±SEM,*p<0.05.
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Figure 6. Effect of surgical removal of eWAT on circulating inflammatory mediators and 
lipids. (A) Plasma concentrations of leptin prior to surgery at 12 weeks of HFD, and at the 
end of the experiment (24 weeks) in eWATx and SHAM group. Data are mean±SEM,*p<0.05 
according to paired Student’s t-test. (B) Profiling of plasma lipids after 12 weeks of HFD by 
lipidomic analysis. Fasting plasma was collected before surgery. The levels of saturated free 
fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) 
are shown and the most abundant lipid species of each category are indicated. Data are 
mean±SEM and expressed as arbitrary units (AU) relative to internal standard.

We next profiled the circulating (pro-inflammatory) lipids using lipidomics to 
define the most abundant lipid species in plasma (Figure 6B), and subsequently 
analyzed whether eWATx removal affected these lipids (Table 1). Saturated fatty 
acids (SFA) were the most abundant lipid species after 12 weeks of HFD feeding 
(prior to surgery), followed by monounsaturated fatty acids (MUFA), and n-6 and 
n-3 polyunsaturated fatty acids (PUFA) (Figure 6B). Within the SFA, C16:0 (palmitic 
acid), C18:0 (stearic acid) and C14:0 (myristic acid) were most abundant. Within the 
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class of MUFA C18:1n9 (oleic acid) and C16:1n7 (palmitoleic acid) were circulating 
at high levels, and within the PUFA, C20:4n3 (eicosatetraenoic acid) and C18:2n6 
(linoleic acid) were most abundant.

Table 1 shows that the level of total SFA, and palmitic acid in particular (+1.4; 
p<0.05), increase in SHAM while such an increase was not observed in eWATx. 
Myristic acid and several of the less abundant SFA (C20:0, C22:0, C24:0) decreased 
significantly after eWAT removal. Furthermore, total MUFA increased strongly over 
time in SHAM (+3.7; p<0.05), mainly due to significant rises in palmitoleic, oleic 
and eicosenoic acids. By contrast, there was no significant change over time in any 
of the MUFA in the eWATx group. Total PUFA levels increased in both, SHAM (+2.0) 
and eWATx (+1.5). The observed changes in SFA and MUFA support the notion that 
removal of eWAT prevents the development of a pro-inflammatory state.

Discussion

NAFLD is strongly associated with obesity but the pathogenesis of the disease, 
and in particular the role of WAT, is poorly understood. It has been proposed 
that inflammation in WAT may play a critical role in obesity-induced NAFLD 
development [4,13,19,20], but evidence for causality is lacking. This study shows 
that HFD-induced inflammation in eWAT develops more rapidly than in mWAT or 
iWAT, and that this inflammation precedes overt NASH. Notably, pronounced CLS 
formation was observed in eWAT once the adipocytes of this tissue did not further 
increase in size and the depot had reached a maximal mass (week 12 of HFD 
feeding). A subsequent experiment showed that removal of the inflamed eWAT 
depot at week 12 attenuates liver inflammation and reduces the development of 
NASH. Removal of eWAT affected the circulating levels of specific pro-inflammatory 
mediators among which leptin and specific lipids (e.g. palmitic acid), providing a 
rationale for the observed hepatoprotective effect.

The time-course analysis of HFD-induced NAFLD shows that a particular 
intra-abdominal depot in mice, eWAT, is prone to develop tissue inflammation 
characterized by presence of macrophages and CLS. Consistent with this finding, 
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other groups have reported that eWAT of obese HFD-treated mice exhibits a 
higher number of CLS than mesenteric and subcutaneous (inguinal) WAT depots 
[21,22]. Differences in macrophage content appear to exist already in lean C57BL6 
mice: Altinas et al. [21] showed that the subcutaneous depot differs from the 
intra-abdominal depots with respect to immune cell composition and density. For 
instance, the density of solitary adipose tissue macrophages (ATM) in subcutaneous 
WAT is much lower than in intra-abdominal depots such as eWAT [21]. Hence, 

Table 1. Change in plasma fatty acid levels in SHAM and eWATx
Fatty acids SHAM ∆ change eWATx ∆ change
Saturated fatty acid (SFA) 1.3 ± 0.8 -0.3 ± 1.0
Myristic acid (C14:0) 0.02 ± 0.1 -0.3 ± 0.2
Palmitic acid (C16:0) 1.4 ± 0.5* -0.1 ± 0.6
Stearic acid (C18:0) -0.03 ± 0.3 0.4 ± 0.2
Arachidic acid (C20:0) -0.01 ± 0.0 -0.05 ± 0.0*
Behenic acid (C22:0) -0.01 ± 0.0 -0.04 ± 0.0*
Lignoceric acid (C24:0) -0.02 ± 0.0 -0.1 ± 0.1*
Monounsaturated acid fatty acid (MUFA) 3.7 ± 0.9*# 0.8 ± 0.8
Myristoleic acid (C14:1) 0.0 ± 0.0 0.0 ± 0.0
Palmitoleic acid (C16:1n7) 0.5 ± 0.2* 0.2 ± 0.1
Oleic acid (C18:1n9) 3.1 ± 0.8*# 0.6 ± 0.7
Eicosenoic acid (C20:1) 0.1 ± 0.0* 0.03 ± 0.0
Erucic acid (C22:1n9) 0.004 ± 0.0 -0.003 ± 0.0
Polyunsaturated fatty acid (PUFA) 2.0 ± 0.6* 1.5 ± 0.4*
Total n6-fatty acids 1.7 ± 0.5* 1.0 ± 0.3*
Total n3-fatty acids 0.3 ± 0.1* 0.5 ± 0.1*
Linoleic acid (C18:2n6) 1.7 ± 0.5* 1.0 ± 0.3*
γ-linolenic acid (C18:3n6) 0.0 ± 0.0 0.0 ± 0.0
Eicosadienoic acid (C20:2n6) 0.03 ± 0.0* 0.02 ± 0.0*
Adrenic acid (C22:4n6) 0.02 ± 0.0* 0.03 ± 0.0*
Docosapentaenoic acid (C22:5n6) 0.02 ± 0.0* 0.01 ± 0.0
α-linolenic acid (C18:3n3) 0.1 ± 0.0 0.2 ± 0.0
Eicosatetraenoic acid (C20:4n3) 0.1 ± 0.1 0.3 ± 0.1*
Eicosapentaenoic acid (C20:5n3) 0.01 ± 0.0 0.01 ± 0.0*
Docosapentaenoic acid (C22:5n3) 0.01 ± 0.0* 0.02 ± 0.0*
Docosahexaenoic acid (C22:6n3) 0.1 ± 0.0* 0.1 ± 0.0*
Mead acid (C20:3n9) 0.01 ± 0.0* 0.01 ± 0.0*

Delta (∆) change in plasma lipids between week 12 and 24, i.e. before and after surgery. Data 
are in arbitrary units (mean±SEM). *p≤0.05 indicates significant changes over time within a 
group. #p<0.05 indicates significant difference between SHAM (n=11) and eWATx (n=12).
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the relatively high number of solitary ATM in eWAT may predispose this depot to 
develop CLS more rapidly in response to HFD than other depots analyzed in this 
study. In obese subjects, CLS are also more prevalent in abdominal (omental) WAT 
than in subcutaneous WAT [6,23] suggesting that, in humans, intra-abdominal 
depots are also more prone to become inflamed than subcutaneous depots, and 
that our observations are not restricted to mice.

We found that the number of CLS in eWAT increased strongly once this depot had 
reached a maximal mass and concomitantly no further increase in adipocyte size 
was observed. In line with this, other groups reported that the weight of eWAT does 
typically not exceed about 2.5 grams [12,22,24,25]. This limitation in eWAT mass 
has been observed with different diets and in different strains of mice pointing to a 
generic threshold of eWAT independent of the experimental conditions employed. 
Consistent with this, Virtue and Vidal-Puig [26] proposed that organisms possess 
a maximum capacity for adipose expansion, and failure in the capacity for adipose 
tissue expansion, rather than obesity per se may underlie the development of 
inflammation. Indeed, also in the case of mWAT, CLS numbers increased at week 24, 
i.e. after the average adipocyte size had reached a maximum. Little is known about 
the mediators that control WAT expansion during diet-induced obesity. It is possible 
that localized cytokine production limits further WAT expansion: Salles et al. [27] 
showed that TNFα knockout mice have two-fold more eWAT mass than wild-type 
mice during HFD feeding. In support of this notion, increased TNFα gene expression 
in eWAT was observed after attainment of maximal adipocyte size in an experiment 
conducted under conditions comparable to those applied herein [22]. Together, 
our time-resolved analysis of the inflammatory component in diet-induced obesity 
shows that WAT inflammation develops sequentially across depots.

C57BL/6 mice constitute a frequently used model to study diet-induced 
obesity and associated comorbidities. For the interpretation of these studies, it is 
important to recognize that development of inflammation upon HFD-feeding is a 
very complex and dynamic process involving multiple tissues, including WAT and 
liver [11,15]. As demonstrated herein, the different WAT depots become inflamed 
at specific time points during HFD feeding, rather than simultaneously. Because 
animal studies often analyze a single WAT depot (frequently the eWAT) at one 
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particular time point during HFD feeding, conclusions about the condition ‘adipose 
tissue in general’ or the inflammatory state in other depots should be made with 
caution. Our results support a more comprehensive analysis of WAT (with precise 
specification of the intra-abdominal depots analyzed), and advocates the study of 
the cross-talk between organs in NAFLD. For instance, between 12 and 24 weeks 
of HFD, i.e. the period in which eWAT was inflamed and did not further expand, 
we observed a pronounced increase of triglyceride concentrations in the liver. This 
supports the concept that, once the expansion limit of a particular WAT depot has 
been reached, adipose tissue ceases to store energy efficiently and lipids begin to 
accumulate as ectopic fat in other tissues [26].

In patients, the accumulation of intra-abdominal WAT is strongly associated with 
progressive NASH [5]. Hepatic inflammation and fibrosis augmented incrementally 
with increases in intra-abdominal fat mass. Importantly, intra-abdominal fat of 
patients was directly associated with liver inflammation and fibrosis independent 
of insulin resistance and hepatic steatosis [5,7]. Consistent with this, removal of 
eWAT in the present study attenuated NASH development without an effect on 
hyperinsulinemia, hyperglycemia and liver steatosis. A possible explanation for the 
strong association between abdominal WAT mass and NASH severity in the liver 
may lie in the anatomical distance between both tissues. Inflammatory mediators 
from the intra-abdominal depots can reach the liver relatively easily (venous 
drainage via the portal vein) [28]. By contrast, associations between systemically 
drained adipose tissue depots (e.g. the deep layer of subcutaneous WAT in the 
abdominal area) and NASH are rare [29] suggesting that these depots only play a 
minor role in the pathogenesis of NASH.

While the above studies mainly focused on the quantity of adipose tissue, 
increasing evidence also points to a role of its inflammatory state. Livers of 
obese subjects with inflamed intra-abdominal (omental) WAT contain more 
fibro-inflammatory lesions than livers of equally obese subjects without WAT 
inflammation [6,7]. This observation suggests that inflammation in a specific WAT 
depot contributes to the inflammatory component in human NASH. The present 
study supports this view, because surgical removal of inflamed eWAT reduces liver 
inflammation (about 40% less inflammatory aggregates). Of note, intra-abdominal 
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eWAT in mice has no human equivalent and our findings should not be generalized 
with respect to the role of other WAT depots. Because of the close relationship 
between visceral obesity and NASH development in patients [5], it is possible 
that inflamed visceral WAT depots, such as mesenteric WAT, may contribute to 
NASH in a similar way as eWAT. For instance, mesenteric WAT develops similar 
features of inflammation as observed in eWAT, including formation of CLS during 
WAT expansion and expression of pro-inflammatory mediators (e.g. cytokines, 
adipokines, fatty acids), in both, mice [30,31] and humans [32,33]. Furthermore, 
pro-inflammatory mediators that are released by mesenteric WAT can reach the 
liver not only via systemic drainage (like eWAT) but also via the portal vein, which 
constitutes a more direct connection to the liver [28]. However, additional studies 
are needed to investigate the contribution of inflamed mesenteric WAT to NASH 
development.

Specific circulating factors have been proposed as inducers of liver inflammation 
in NASH [19,20]. Among these mediators are cytokines/adipokines (including IL-6, 
TNFα, leptin, adiponectin) and specific lipids with reported activities on liver cells 
[4,13,14,20]. Of the adipokines measured in the present study, only plasma leptin 
differed between the eWATx and the SHAM group. Several studies have shown that 
leptin exerts pro-inflammatory and pro-fibrogenic effects on liver cells [34,35]. For 
instance, leptin stimulates hepatic stellate cells to express the pro-inflammatory 
cytokine MCP-1 [35], a chemotactic factor and critical mediator of lobular 
inflammation [36]. In line with this, we observed that plasma leptin concentrations 
correlated with MCP-1 gene expression in the liver. Besides cytokines/adipokines, 
certain lipid mediators (e.g. SFA with TLR4 binding properties) have also been 
implicated in the pathogenesis of NASH. For example, in vitro studies have shown 
that SFA, and in particular palmitic acid, can trigger inflammation via the NFκB 
pathway and thereby induce TNFα production [37]. In SHAM mice, palmitic acid 
levels increased significantly between 12 and 24 weeks of HFD feeding, i.e. during 
the progression from NAFL to NASH. This increase was not observed in eWATx mice 
and in line with this, hepatic TNFα expression was lower than in SHAM. A total 
plasma lipid analysis in humans showed that obese subjects with NAFL and NASH 
have significantly elevated MUFA levels when compared with lean controls [38]. 
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Among these MUFA were palmitoleic acid and oleic acid, which also increased after 
surgery in SHAM while they did not change significantly in eWATx. The observed 
increases in MUFA (both in humans and mice) may be an adaptive response to 
protect the liver from the lipotoxic effects of SFA (i.e. palmitic acid). As MUFAs 
themselves can suppress liver inflammation in mice [39], it is thus likely that 
increased levels of palmitic acid in SHAM mice are critical for the development of 
liver inflammation.

Collectively, this study demonstrates that obesity-induced inflammation 
develops progressively across various WAT depots, starting in eWAT. Surgical 
removal of inflamed eWAT shows that this depot participates in the development 
of NASH. Hence, interventions that target WAT may have significant therapeutic 
benefit for the treatment of NASH in the context of obesity.
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Supplemental data

Supplement 1. Detailed material and methods

Biochemical analyses of circulating factors

Plasma was obtained via tail vein bleeding after a 5-hour fast at multiple time 
points throughout the study. Plasma glucose was quantified by hexokinase method 
(Instruchemie, Delfzijl, The Netherlands) and plasma insulin was determined by 
ELISA (Ultrasensitive mouse insulin ELISA, Mercodia, Uppsala, Sweden). Leptin 
and adiponectin plasma levels and Mcp-1 serum levels were determined by ELISA 
(all R&D Systems Ltd, Abington, UK). Serum concentrations of IL-6 and TNFα were 
quantified by quantikine ELISA assay (R&D Systems Ltd, Abington, UK). TNFα levels 
were below the detection limit, therefore excluded from the analysis. Lipidomic 
analysis was performed in plasma samples collected after 5 hours of fasting and 
according an well-established method for polar lipids, and without hydrolysis of 
lipids as reported earlier [1]. Reported lipids were identified and quantified using 
respective specific standards, except for C14:1 (reported as myristoleic acid) and 
C20:1 (reported as eicosenoic acid). Lipids are expressed as arbitrary units (AU) 
relative to internal standard.

Analysis of intrahepatic triglycerides

For determination of liver triglycerides, lipids were extracted from liver homogenates 
using the Bligh and Dyer method [2]. High performance thin-layer chromatography 
(HPTLC) was then used to separate the extracted lipids with a silica-gel-60 pre-
coated plate. Density areas were measured with a Hewlett Packard Scanjet 4500c 
and lipid concentrations were calculated by Tina software (version-2.09).

Body composition

Total body fat and lean mass in SHAM and eWATx mice was determined using a 
NMR Echo MRI whole body composition analyzer (EchoMRI LLC, Houston, TX, USA) 
at week 24 of HFD feeding. Total body fat mass was expressed as percentage of 
total body weight.
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Real Time Poly chain reacti on (RT-PCR) gene expression analysis

Total RNA was extracted with RNA Bee Total RNA Isolati on Kit (Bio-Connect, Huissen, 
the Netherlands). RNA concentrati on was determined using Nanodrop 1000 
(Isogen Life Science, De Meern, the Netherlands) and RNA quality was measured 
using 2100 Bioanalyzer (Agilent Technologies, Amstelveen, the Netherlands). One 
microgram of total RNA was used to generate cDNA for RT-PCR (High-capacity 
RNA-to-cDNA kit; 4387406, Life Technologies, Bleiswijk, the Netherlands). RT-PCR 
was performed in duplicate on a Fast-7500 using TaqMan gene expression assays 
(Life Technologies) and specifi c probe for TNFα (Tnf, Mm00443258_m1) and 
MCP-1(Ccl2, Mm00441242_m1). Glyceraldehyde 3-phosphate dehydrogenase 
(Gapdh; 4308313) and hypoxanthine-guanine phosphoribosyltransferase (Hprt; 
Mm00446968_m1) were used as housekeeping genes. Changes in gene expression 
were calculated using the comparati ve Ct (ΔΔCt) method and expressed as fold-
change relati ve to mean expression of control.
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Abstract

Obesity is associated with chronic low-grade inflammation that drives the 
development of metabolic diseases, including non-alcoholic fatty liver disease 
(NAFLD). We recently showed that white adipose tissue (WAT) constitutes an 
important source of inflammatory factors. Hence, interventions that attenuate 
WAT inflammation may reduce NAFLD development. Male LDLr-/- mice were fed 
a high-fat diet (HFD) for 9 weeks followed by 7 weeks of HFD with or without 
rosiglitazone. Effects on WAT inflammation and NAFLD development were analyzed 
using biochemical and (immuno)histochemical techniques, combined with 
gene expression analyses. Nine weeks of HFD feeding induced obesity and WAT 
inflammation, which progressed gradually until the end of the study. Rosiglitazone 
fully blocked progression of WAT inflammation and activated PPARγ significantly 
in WAT. Rosiglitazone intervention did not activate PPARγ in liver, but improved 
liver histology and counteracted the expression of genes associated with severe 
NAFLD in humans. Rosiglitazone reduced expression of pro-inflammatory factors in 
WAT (TNFα, leptin) and increased expression of adiponectin, which was reflected in 
plasma. Furthermore, rosiglitazone lowered circulating levels of pro-inflammatory 
saturated fatty acids. Together, these observations provide a rationale for the 
observed indirect hepatoprotective effects and suggest that WAT represents a 
promising therapeutic target for the treatment of obesity-associated NAFLD.
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Introduction

The prevalence of obesity has increased dramatically over the last 30 years and 
metabolic disorders associated with obesity have become a major health and 
economic problem worldwide [1]. Obesity is associated with a state of low-
grade chronic inflammation, frequently referred to as systemic inflammation or 
metabolic inflammation [2], which is thought to drive the development of several 
metabolic diseases including non-alcoholic fatty liver disease (NAFLD) [3,4]. We 
recently showed that adipose tissue is a critical source of inflammation in obesity 
and causally involved in NAFLD progression [5]. However, it is unclear whether 
suppression of adipose tissue inflammation would attenuate NAFLD progression.

White adipose tissue (WAT) is the primary site of energy storage. This storage 
function involves expansion of WAT through adipocyte hyperplasia (increase in cell 
number) and adipocyte hypertrophy (increase in cell size) [6]. Adipocyte hypertrophy 
is closely associated with WAT inflammation: in an in vitro experiment with isolated 
primary human adipocytes [7], only very hypertrophic cells were found to secrete 
MCP-1, a key mediator of immune cell recruitment into WAT. Consistent with this 
observation, adipocyte hypertrophy is associated with infiltration of macrophages 
and formation of crown-like structures (CLS) [8], a histological hallmark of inflamed 
WAT. Notably, a strong increase in CLS is observed at the time point at which a 
WAT depot has reached its maximal mass as shown very recently in a model of 
diet-induced obesity [5].

It is thought that the inflamed WAT is less insulin sensitive, which enhances 
lipolysis of stored fat, thereby contributing to ectopic fat deposition and the 
development of liver steatosis [9]. In line with this, Kolak and colleagues [10] have 
shown that obese patients with inflamed WAT have more liver fat than equally 
obese subjects without WAT inflammation. In addition to the increased fat flux, 
inflamed WAT may produce inflammatory factors that can contribute to systemic 
inflammation and promote the progression from liver steatosis to non-alcoholic 
steatohepatitis (NASH) [2,11,12]. However, experimental support for a causal role 
of WAT in the development of NASH has long been lacking. Recently we have shown 
that surgical removal of inflamed abdominal (epididymal) WAT in mice reduced 
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lobular inflammation and attenuated NASH development [5], suggesting that WAT 
constitutes an possible target for the treatment of NASH.

WAT inflammation may be reduced via the nuclear hormone receptor peroxisome 
proliferator-activated receptor-γ (PPARγ) which is predominantly expressed in 
adipose tissue, controlling inflammatory and metabolic processes [13]. Previous 
studies in humans [14] and animals [15-17], provide indication that pharmacological 
activators of PPARγ such as rosiglitazone may reduce the inflammatory state of WAT 
in obesity. We herein investigated whether rosiglitazone intervention can reduce 
manifest WAT inflammation and would attenuate subsequent NAFLD development. 
To do so, we first determined the time point at which WAT inflammation develops 
during high-fat diet treatment in LDLr-/- mice. Subsequently, we studied the 
therapeutic effect of rosiglitazone on WAT inflammation and associated NAFLD 
development.

Methods

Animal experiments

All animal experiments were approved by the institutional Animal Care and Use 
Committee of the Netherlands Organization of Applied Scientific Research (Zeist, 
The Netherlands; approval number DEC2935) and were conducted in accordance 
with the Dutch Law on Animal Experiments, following international guidelines on 
animal experimentation. Mice (aged 12-14 weeks at the start of the experiment) 
had ad libitum access to food and water.

Time-course study: Male LDLr-/- mice were fed a high-fat diet (HFD: 45 kcal% 
lard fat, D12451, Research Diets, New Brunswick, NJ, USA) and were sacrificed after 
0, 9 and 16 weeks to collect epididymal WAT (eWAT), mesenteric WAT (mWAT) and 
inguinal WAT (iWAT). Tissues were prepared essentially as reported [5].

Intervention study: Tissues and plasma were obtained from a large cohort study 
in which rosiglitazone and other interventions (e.g. fenofibrate) were analyzed 
[18]. Briefly, one group (n=9) was sacrificed after 9 weeks of HFD to define the 
condition prior to intervention (reference, REF). The remaining mice continued on 



59

Reduction in WAT inflammation associated with reduced NAFLD

3

HFD (HFD, n=13) or HFD supplemented with 0.01% w/w rosiglitazone (HFD+Rosi, 
n=9, Avandia, GSK, Zeist, The Netherlands). A separate control group was kept on 
chow as a baseline control for microarray and RT-PCR gene expression analysis. In 
week 16, all animals were sacrificed and WAT depots and liver were collected. Mice 
(n=2) that did not become obese after 9 weeks of high-fat feeding (i.e. body weight 
gain 50% less than group mean), were excluded from the analyses.

Histological, biochemical, metabolomics and gene expression analyses

Briefly, WAT characteristics and NAFLD development were quantified histologically 
as described [5,19]. Immunohistochemistry was performed on frozen, acetone-
fixed WAT sections using primary antibodies specific for CCR2 (PA5-23044, Thermo 
Fisher Scientific, Rockford, IL, USA ) and CD11c (BD553800, BD Biosciences, San 
Diego, CA, USA). After incubation, biotinylated antibodies were detected by 
incubation with streptavidin-HRP using Nova Red as a substrate (both, Vector 
Laboratories, Burlingame, CA, USA). All sections were counterstained with 
hematoxylin. Immunopositive cells were quantified in four different cross-sections 
per mouse using ImageJ. Intrahepatic triglyceride concentrations were analyzed 
by high performance thin-layer chromatography (HPTLC) [18]. Plasma parameters 
were determined with commercially available assays as previously specified [18]. 
Plasma fatty acids were determined by gas chromatography/mass spectrometry 
(GC/MS) [18]. The plasma concentration of total free non-esterified fatty acids 
(NEFAs) was determined with NEFA-HR kit (Instruchemie, Delfzijl, The Netherlands). 
Illumina microarray gene expression and subsequent pathway analysis of eWAT and 
liver was performed following established protocols. To analyze potential off-target 
effects of rosiglitazone in the liver, an upstream transcriptional activator analysis 
was performed [20]. Microarray data were validated and confirmed by RT-PCR and 
changes in expression were calculated using the comparative Ct (ΔΔCt) method, 
expressed as fold-change relative to chow.

Statistical analysis

All data are presented as mean ± SEM. Data were analyzed using one-way ANOVA 
and least significant difference (LSD) post-hoc test. Non-normally distributed 
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data were analyzed by Kruskal-Wallis followed by Mann-Whitney U post-hoc 
test. Correlations were determined by Spearman’s rank correlation. Statistically 
significant differences in plasma fatty acids over time within HFD and HFD+Rosi 
were analyzed using Student’s paired t-test. Statistical tests were performed using 
Graphpad Prism software (version 6, Graphpad Software Inc., La Jolla, USA). P<0.05 
was considered statistically significant.

Results

WAT inflammation starts in eWAT during high-fat diet-induced obesity

After 16 weeks, CLS formation was most pronounced in eWAT (Figure 1A), while 
CLS were hardly observed in mWAT and iWAT. Quantitative analysis showed a 
marked increase in CLS number in eWAT (p<0.05; Figure 1B). CLS number correlated 
with eWAT mass (r=0.80, p<0.001, not shown) and with average adipocyte size, 
a measure of adipocyte hypertrophy (r=0.61, p<0.01; Figure 1C). The average 
adipocyte size in eWAT was greater than in mWAT and iWAT (not shown). Hence, 
eWAT is most susceptible to develop CLS, with substantial inflammation established 
after 9 weeks of high-fat feeding.

Rosiglitazone attenuates WAT inflammation independent of obesity and targets 
WAT

Mice were treated with high-fat diet for 9 weeks to induce obesity (Table 1). At 
this time point, intervention with rosiglitazone was started. The caloric intake was 
comparable between the HFD control group and the HFD+Rosi group (14.6±0.7 
and 13.4±0.6 kcal/day, respectively). Continuous high-fat feeding increased fasting 
plasma glucose, while rosiglitazone had a significant lowering effect (Table 1). 
Rosiglitazone also significantly lowered fasting plasma insulin and HOMA-IR relative 
to HFD mice (Table 1). Weight gain and total fat mass were comparable between 
HFD and HFD+Rosi (Table 1), indicating that the observed metabolic effects were 
independent of obesity.
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Table 1 Metabolic parameters of experimental groups
Parameter Chow REF HFD HFD+Rosi
Body weight gain (g) 3.21 ± 0.48 9.14 ± 1.81a 17.49 ± 0.91b 17.07 ± 1.24b
Total adiposity (g) 1.00 ± 0.11 2.61 ± 0.55a 4.41 ± 0.27b 4.07 ± 0.28b
Glucose (mM) 11.12 ± 0.33 12.52 ± 0.72a 15.00 ± 0.48b 10.61 ± 0.22c
Insulin (ng/ml) 0.65 ± 0.19 2.88 ± 0.80a 4.65 ± 0.94b 1.40 ± 0.21c

Abbreviations: Chow, mice fed a chow diet for 16 weeks; REF, reference, mice receiving a HFD 
for 9 weeks to define condition prior to intervention; HFD, control mice after 16 weeks of HFD; 
HFD+Rosi, rosiglitazone-treated mice (intervention from 9-16 weeks). a, Significantly different 
from chow; b, Significantly different from chow and REF; c, Significantly different from HFD 
(all, p<0.05).

Figure 1. Effect of HFD feeding on development of WAT inflammation. (A) Representative 
photomicrographs of three WAT depots after 16 weeks of high-fat feeding. (B) Quantitative 
analysis of CLS formation over time in the major adipose tissue depots, eWAT, mWAT and iWAT. 
(C) Positive correlation between CLS number and adipocyte size in eWAT. Data are mean±SEM 
(n=8/group), *p<0.05 compared with t=0; **p<0.05 compared with t=0 and 9 weeks of high-
fat feeding.
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Quantification of CLS in eWAT revealed that CLS numbers were increased in HFD 
relative to REF, but remained constant in HFD+Rosi (Figure 2A). Hence, rosiglitazone 
fully blocked further CLS formation but did not resolve existing inflammation 
(Figure 2B). These effects were paralleled by decreased gene expression of MCP-1 
in HFD+Rosi (Figure 2C). Gene expression of macrophage markers revealed that 
rosiglitazone intervention reduced the pro-inflammatory M1 macrophage markers 
CD11c and CCR2 (Figure 2D). In addition, rosiglitazone increased the expression of 
anti-inflammatory M2 macrophage marker Arginase-1, but did not affect CD206 
(Figure 2D). Consistent with this, we found less immunoreactivity against CCR2 
and CD11c in adipose tissue of mice treated with rosiglitazone as determined by 
immunohistochemical analysis (Supplement 1). Refined analysis of CLS revealed 
that CLS contain CCR2+ and CD11c+ cells and some cells expressed both markers 
in the HFD group as well as the HFD+Rosi group (Supplement 1). Furthermore, 
rosiglitazone influenced the expression of genes involved in inflammatory and 
oxidative stress pathways as shown by microarray analysis (Supplement 2). The 
observed reduction of eWAT inflammation in HFD+Rosi mice was paralleled by a 
decreased adipocyte size (Figure 2E).

To validate that rosiglitazone affected PPARγ-regulated genes in eWAT under 
the experimental conditions employed an upstream transcriptional regulator 
analysis was performed. This analysis demonstrated a highly significantly increased 
transcriptional activity of PPARγ (Z-score: 4.1, p=5.92e-24). More specifically, 
rosiglitazone significantly affected the expression of 1049 genes (FDR<0.05), of 
which 71 are established PPARγ-regulated genes (including fatty acid transporter 
protein 1, fatty acid binding proteins, perilipin, uncoupling protein-1, acyl-CoA 
synthetase) (for detailed list, see Supplement 2). By contrast, microarray analysis 
of corresponding livers under the same statistical cut-off (FDR<0.05) revealed 
that only 36 genes (among which 4 PPARγ-regulated genes) were differentially 
expressed by rosiglitazone (Supplement 3), and upstream transcriptional regulator 
analysis showed no activation of PPARγ. There were also no indications for off-
target activation of PPARα or PPARδ from this microarray analysis (Supplement 
3). Altogether, these data demonstrated that rosiglitazone significantly activated 
PPARγ in WAT and attenuated high-fat diet induced WAT inflammation.
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Figure 2. Effects of rosiglitazone intervention on eWAT inflammation. (A) Representative 
photomicrographs of HPS-stained eWAT cross-sections (magnification x200). (B) High-fat 
feeding strongly increased CLS formation in eWAT between 9 weeks (REF) and 16 weeks 
(HFD), while rosiglitazone fully blocked further CLS formation. (C) MCP-1 gene expression was 
increased in HFD mice, but not in HFD+Rosi. (D) Gene expression of macrophage markers. 
Rosiglitazone reduced HFD-induced expression of M1 markers (CD11c and CCR2) and increased 
gene expression of M2 marker Arginase-1 (Arg-1). HFD-induced expression of general 
macrophage markers, Cd68 and F4/80, was not affected by rosiglitazone. (E) Morphometric 
analysis of average adipocyte size revealed that rosiglitazone attenuated HFD-induced increase 
in adipocyte size in eWAT. Data are mean±SEM (n=7-10/group), *p<0.05. Mean expression of 
RT-PCR data was set 1 for chow-fed mice.
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Rosiglitazone prevents progression of NAFLD

Next, we investigated the effects of rosiglitazone intervention on the liver. High-fat 
feeding resulted in mild/moderate hepatic steatosis after 9 weeks (REF), which was 
markedly aggravated after 16 weeks (HFD) (Figure 3A). Rosiglitazone blunted the 
progression of NAFLD and livers resembled those of REF. Biochemical intrahepatic 
triglyceride analysis showed a significant increase in HFD relative to REF and liver 
triglyceride concentrations tended to be lower in HFD+Rosi (Figure 3B). Histological 
analysis revealed a strong increase in microvesicular steatosis in HFD compared 
with REF and rosiglitazone fully prevented this increase (Figure 3C). Macrovesicular 
steatosis, a hallmark of NASH in humans [21], was also elevated in HFD and 
reduced by rosiglitazone (Figure 3D). High-fat treatment activated several pro-
inflammatory and pro-fibrotic pathways in liver including those induced by TNFα 
(Z-score: 2.79; p=3.8e-03), IL-6 (Z-score: 2.03; p=2.9e-07) and TGFβ1 (Z-score: 1.3; 
p=1.38e-05) as demonstrated by pathway analysis (FDR<0.05). Moreover, high-fat 
treatment induced several genes which were recently identified in human NASH/
fibrosis patients [22] (Table 2). Rosiglitazone treatment attenuated this effect 
and counteracted the expression of genes including Col14A1, TaxIBP3, EFEMP2, 
EGFBP7, THBS2, BICC1 and DKK3. Furthermore, RT-PCR analysis of TNFα, which 
plays an essential role in NASH, showed increased TNFα gene expression in HFD 
mice and that rosiglitazone treatment quenched this induction (Figure 3E). Similarly, 
HFD-induced expression of pro-fibrotic genes Col1a1, Col1a2 and TIMP-1 were 
suppressed by rosiglitazone intervention (Figure 3F). High-fat feeding also resulted 
in infiltration of neutrophils (MPO-positive inflammatory cells) and formation 
of inflammatory cell aggregates characteristic for NASH [23] between 9 and 16 
weeks which was attenuated by rosiglitazone (Supplement 4). Analysis of Sirius-
red stained liver cross-sections of the HFD group revealed onset of perisinusoidal 
fibrosis, which was not observed in HFD+Rosi (Figure 3G). Altogether, intervention 
with rosiglitazone attenuated the progression from steatosis to NASH.
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Figure 3. Effects of rosiglitazone intervention on NAFLD development. (A) Representative 
photomicrographs of HE-stained liver sections of REF, HFD and HFD+Rosi. (B) Biochemical 
analysis of hepatic triglyceride content. Histological quantification of (C) microvesicular 
steatosis and (D) macrovesicular steatosis show that steatosis was ameliorated with 
rosiglitazone compared with HFD (n=7‑10/group). (E) TNFα gene expression in liver was 
diminished in rosiglitazone-treated mice (n=7-8/group). (F) Gene expression of fibrotic genes 
determined by RT-PCR. Rosiglitazone reduced HFD-induced expression of Col1a1, Col1a2 and 
TIMP-1. (G) Onset of fibrosis in Sirius Red-stained liver cross-sections in HFD mice, but not 
in HFD+Rosi. Pictures are shown in magnification x100. Data are mean±SEM, *p<0.05. Mean 
expression of RT-PCR data was set 1 for chow-fed mice.
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Rationale for the hepatoprotective effects of rosiglitazone

In eWAT, rosiglitazone blocked the HFD-induced gene expression of leptin and 
TNFα (Figure 4A, B). These effects were paralleled in plasma; HFD+Rosi reduced 
concentrations of leptin and TNFα (Supplement 5). By contrast, rosiglitazone 
fully restored the high-fat induced decrease in adiponectin gene expression in 
eWAT (Figure 4C) which was also reflected in plasma (Supplement 5). In addition, 
rosiglitazone prevented the high-fat diet-induced increase in total saturated fatty 
acids in plasma (Figure 4D). In line with this, total NEFA were significantly increased 
(by 26%, p<0.05) in the HFD group, whereas no significant increase was observed in 
the HFD+Rosi group (11%, n.s.). More specifically, plasma concentrations of palmitic 
acid (C16:0) and stearic acid (C18:0) were not increased in HFD+Rosi (Figure 4D).

Since WAT inflammation correlated with WAT mass and adipocyte hypertrophy 
we analyzed effects of rosiglitazone on eWAT, iWAT and mWAT in more detail 
(Figure 4E). During intervention with rosiglitazone, eWAT mass did not further 
increase while iWAT mass almost doubled, indicating a shift of fat mass from eWAT 
towards iWAT. Despite the increase in iWAT mass, this depot did not become 
inflamed (Figure 4F). Quantification of adipocyte size showed that the expansion 
in iWAT was mainly attributable to an increase in adipocyte number rather than 
adipocyte size (Figure 4G). This suggests that increased capability of iWAT to store 
fat may prevent the development of hypertrophy and associated inflammation in 
eWAT, and may thereby contribute to beneficial effects of rosiglitazone on NAFLD 
development.
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Figure 4. Effects of rosiglitazone on adipokine expression in eWAT, pro-inflammatory fatty acids 
in plasma and WAT morphology. High-fat feeding increased gene expression in eWAT of pro-
inflammatory adipokines (A) leptin, (B) TNFα and decreased expression of (C) anti-inflammatory 
adipokine adiponectin, while rosiglitazone counteracted these effects. (D) Plasma levels of total 
saturated fatty acids (SFA) and specific SFAs, palmitic acid (C16:0) and stearic acid (C18:0), were 
increased between week 9 and 16 of high-fat feeding. This increase was blunted by rosiglitazone 
(all p<0.01; paired t-test; n=9-12/group). (E) The mass of WAT depots was increased in HFD, 
while rosiglitazone specifically increased iWAT mass. (F) Representative photomicrograph of 
iWAT in HFD+Rosi, showing absence of CLS. (G) Expansion of iWAT mass in HFD+Rosi was mainly 
attributable to an increase in adipocyte number. Data are mean±SEM, *p<0.05. Mean expression 
of RT-PCR data was set 1 for chow-fed mice (n=7‑8/group). Fatty acid plasma concentration was 
expressed as arbitrary units relative to internal standard.
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Discussion

Recent findings indicate that inflamed (abdominal) WAT plays a causal role in the 
development of NASH in the context of obesity [5]. WAT may thus constitute a 
new target for intervention. Compounds that specifically target and quench WAT 
inflammation have not been developed yet. We therefore used rosiglitazone, 
an activator of PPARγ with reported anti-inflammatory properties [14-16], as a 
model compound to intervene in manifest WAT inflammation. Here, we show that 
rosiglitazone attenuates WAT inflammation and reduces NASH development.

Under the experimental conditions employed herein, rosiglitazone activated 
PPARγ in WAT, but not in liver, based on a comprehensive analysis of PPARγ-
regulated genes. The significant activation of PPARγ in WAT may be important for 
the observed hepatoprotective effects, because PPARγ activation in liver could 
cause detrimental effects: Recent knock-out studies have shown that targeted 
PPARγ deletion in hepatocytes or macrophages protected mice against high-
fat induced steatosis [24], while deletion of PPARγ in adipose tissues increased 
liver steatosis upon high-fat feeding [25]. Furthermore, rosiglitazone treatment 
remained effective in mice lacking PPARγ specifically in the liver,[26] supporting the 
view that adipose tissue is an important site of thiazolidinedione action. Consistent 
with our findings, beneficial effects of rosiglitazone in NAFLD were also observed in 
aged (12 months old) LDLr-/- mice that develop a more severe disease phenotype 
than young mice (3 months old) as used herein [27]. However, this study did not 
examine the effects of rosiglitazone in a therapeutic (intervention) setting and its 
effects in adipose tissue were not analyzed. In the study by Gupte and colleagues 
[27], the diet was supplemented with cholesterol which may explain some of the 
differences observed on liver gene expression and inflammation. Dietary cholesterol 
has been shown to be a strong inducer of inflammatory gene expression in the liver 
[28,29]. For instance, treatment with a HFD supplemented with small amounts 
(0.2% w/w) of cholesterol triggered Kupffer cell activation and inflammatory gene 
expression after already 2 weeks in LDLr-/- mice, whereas the same diet without 
cholesterol hardly had an effect on liver inflammation [29]. High-fat diets without 
cholesterol supplementation induce liver inflammation typically at a slower pace 



71

Reduction in WAT inflammation associated with reduced NAFLD

3

and, importantly, this liver inflammation is at least partly mediated by the inflamed 
white adipose tissue (WAT) [5]. However, it is unclear to which extent WAT may 
contribute to liver inflammation when cholesterol is added to a high-fat diet.

We found that eWAT is more susceptible to develop chronic inflammation than 
mWAT or iWAT. This observation may be related to the fact that adipocytes in eWAT 
are more prone to hypertrophy than those in other adipose depots [30]. In the 
present study, CLS numbers in eWAT correlated with adipocyte size supporting the 
importance of adipocyte hypertrophy in the development of WAT inflammation [6-
8]. Consistent with this, metabolically healthy obese subjects were found to have 
significantly smaller adipocytes compared with metabolically unhealthy obese 
patients who had more ectopic liver fat at a comparable body mass index [31]. 
This suggests that the ability to expand WAT through mechanisms of adipocyte 
hyperplasia may prevent: a) WAT inflammation and b) ectopic fat accumulation, 
thereby contributing to a healthy metabolic state.

We observed that rosiglitazone stimulated hyperplasia specifically in 
subcutaneous WAT thereby preventing adipocyte hypertrophy, which is also 
observed in patients treated with thiazolidinediones [32,33]. Consequently, this 
depot did not become inflamed even though its mass was much greater than in 
control animals, as is seen in humans treated with rosiglitazone.[34] The observed 
stimulation of hyperplasia specifically in iWAT by rosiglitazone may be explained 
by depot-specific regulation of perilipin, which is essential for enlargement of lipid 
droplets. Kim and co-workers showed that perilipin protein expression increased 
after rosiglitazone treatment in subcutaneous adipose tissue, but did not change in 
visceral adipose tissue [35].

Clinical trials have shown that treatment with thiazolidinediones can improve 
liver histology in patients with NASH [36,37]. However, the underlying mechanisms 
mediating the beneficial effects of thiazolidinediones in NASH development are 
unclear. Data from the present study support the view that rosiglitazone may 
attenuate the development of NAFLD via an effect on WAT. Several studies showed 
that infiltration of macrophages into WAT is strongly associated with NAFLD 
development [10,38,39]. More specifically, an increase in CD11c+CD206+and CCR2+ 
macrophages in WAT is associated with enhanced production of pro-inflammatory 
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adipokines and cytokines in WAT, and NASH severity [39]. Herein we show that 
rosiglitazone intervention reduced the expression of pro-inflammatory M1 
markers, CD11c and CCR2 and increased the expression of anti-inflammatory M2 
marker, Arginase-1. An increase in Arginase-1 expression has also been observed 
in HFD-fed Sv129 mice after treatment with rosiglitazone, but rosiglitazone did 
not alter the expression of CD11c which may be related to the relatively short 
intervention period [17]. Long-term rosiglitazone treatment in ob/ob mice resulted 
in lower CD11c expression level in WAT [40], which is consistent with our findings. 
Analysis of CLS in the present study shows that long-term rosiglitazone intervention 
attenuates WAT inflammation by reducing CLS numbers (Figure 2B), rather than 
altering the activation state of immune cells within a CLS (as determined CD11c 
and CCR2 immunoreactivity).

Our study indicates that the hepatoprotective effects on NASH by rosiglitazone 
may at least partly be mediated by adipokines, since plasma leptin and TNFα 
levels were reduced and plasma adiponectin levels were increased. It is known 
that leptin can exert pro-inflammatory effects and can activate hepatic stellate cells 
thereby promoting fibrosis [41]. TNFα plays a crucial role in human and animal 
NAFLD and neutralization of TNFα activity attenuated the disease.[42] For instance, 
adiponectin is a potent TNFα-neutralizing cytokine that counteracts inflammation 
that is relevant for NASH progression [41,42]. It has been demonstrated that also 
saturated fatty acids can activate inflammatory cascades leading to activation of 
TNFα.[43] We found that the saturated fatty acids; palmitic acid and stearic acid, 
were markedly increased by high-fat feeding and reduced with rosiglitazone. 
Notably, these fatty acids are also increased in patients with diagnosed NASH 
[44]. Furthermore, surgical excision of inflamed WAT in mice lowered palmitic 
acid in plasma and reduced progression towards NASH [5]. In vitro experiments 
have shown that conditioned medium from palmitic acid-treated hepatocytes 
induces the expression of pro-fibrotic genes in hepatic stellate cells [45], providing 
mechanistic support for a crucial role of inflammatory lipid mediators in NASH. We 
also observed that rosiglitazone attenuated the HFD-induced hepatic expression of 
the genes encoding for Col1A1, Col1A2 and TIMP-1. This hepatoprotective effect of 
rosiglitazone was further substantiated by an effect on genes that are associated 
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with severity of human NAFLD as shown by Moylan et al [22]. These findings 
support the view that the experimental conditions established herein (HFD-induced 
obesity, hyperinsulinemia, WAT inflammation concurrent with histologic NASH) 
may facilitate preclinical research that aims at translation to the human setting.

In all, intervention with rosiglitazone reduces WAT inflammation, lowers 
circulating inflammatory mediators and attenuates NAFLD progression. These 
effects were independent of total adiposity and body weight, indicating that 
adipose tissue quality (i.e. inflammatory state) rather than absolute mass is critical 
for NAFLD development. Our results suggest that intervention in WAT may present 
a new therapeutic option for the treatment of NAFLD.
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Supplemental data

Supplement 1: Effect of rosiglitazone intervention on inflammatory CCR2-positive 
and CD11c-positive immune cells in adipose tissue

Supplementary Figure 1. To investigate whether rosiglitazone intervention modulates 
adipose tissue immune cell activation, we have performed immunohistochemical stainings 
using primary antibodies against CCR2 and CD11c on adipose tissue cross-sections of mice 
fed a high-fat diet (HFD) or a HFD supplemented with rosiglitazone (HFD+Rosi). We found 
less immunoreactivity against CCR2 (Supplementary figure 1A) and CD11c (Supplementary 
figure 1B) in mice treated with rosiglitazone, which is consistent with the gene expression 
data. Values are expressed as mean±SEM and expressed as positively stained cells per mm2 
adipose tissue (n=4/group).
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Supplementary Figure 1C shows representative pictures of a crown-like structure (CLS) in 
adipose tissue of HFD-fed mice and HFD+Rosi mice, which stained positively for CCR2 and 
CD11c (dark brown staining, upper panels). In order to merge the coloring of the two different 
immunostainings in a CLS, the bright field images were converted to 8-bit immunofluorescent 
images (lower panels). The immunoreactivity against CD11c and CCR2 is shown in green and 
red, respectively. The merged images demonstrate that CLS in the HFD group and the HFD+Rosi 
group contain CCR2+ and CD11c+ cells and some of these cells express both markers (overlap 
is indicated by yellow). (Microphotographs: magnification x200).
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Supplement 2. Microarray analysis of the effects of rosiglitazone intervention in 
WAT

Gene set enrichment showed that rosiglitazone intervention significantly affected 
several biological canonical pathways related to inflammatory oxidative stress in 
WAT. These pathways can be grouped in three main clusters shown below and 
specified in Supplementary Figure 2A-1.
1.	 Oxidative phosphorylation/ Mitochondrial dysfunction
2.	 Oxidative stress response/peroxisomal response
3.	 Acute phase response/ fibrosis

Supplementary Figure 2A-1. Clustering of canonical pathways that are influenced by 
rosiglitazone intervention. This graph shows three clusters, each of which consisting of 
canonical pathways. Lines between two pathways indicate that these pathways share genes 
(the number of overlapping genes is mentioned). The significance of the effect of rosiglitazone 
on individual pathways is provided in Supplementary Figure 2A-2.
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Supplementary Figure 2A-2. Canonical pathways influenced by rosiglitazone. The bars in the 
figure indicate significance of the different pathways. Significance is expressed as ‑log p‑values.

As an example for the anti-inflammatory effect of rosiglitazone in WAT, the individual 
genes of the canonical pathway ‘Acute phase response signaling’ are listed in 
Supplementary Table 2A. Among the genes that were reduced by rosiglitazone 
were complement factors, kinases and acute phase reactants such as haptoglobin, 
serum amyloid A3 and von Willebrand factor.
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Supplementary Table 2A. 
Symbol Entrez Gene Name Exp Log Ratio Exp p-value
AGT angiotensinogen (serpin peptidase inhibitor, clade A, member 8) -2.45 2.50E-08
C2 complement component 2 -1.345 2.69E-07
C4A/C4B complement component 4B (Chido blood group) -1.471 7.47E-09
CFB complement factor B -1.856 2.67E-08
HP haptoglobin -3.09 4.83E-14
HRAS Harvey rat sarcoma viral oncogene homolog 0.661 3.62E-03
KRAS Kirsten rat sarcoma viral oncogene homolog 0.677 7.21E-06
LBP lipopolysaccharide binding protein -2.18 8.91E-08
MAPK12 mitogen-activated protein kinase 12 -0.527 5.78E-03
MTOR mechanistic target of rapamycin (serine/threonine kinase) 0.466 1.13E-03
OSMR oncostatin M receptor -0.7 4.47E-05
RBP7 retinol binding protein 7, cellular 2.14 8.13E-09
RELA v-rel avian reticuloendotheliosis viral oncogene homolog A -0.417 4.28E-03
RIPK1 receptor (TNFRSF)-interacting serine-threonine kinase 1 -0.276 8.71E-03
RRAS related RAS viral (r-ras) oncogene homolog -0.649 1.55E-03
Saa3 serum amyloid A 3 -2.635 3.81E-05
SERPINA3 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, 

antitrypsin), member 3
-2.923 3.69E-31

SERPING1 serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 -0.659 7.50E-04
SOCS5 suppressor of cytokine signaling 5 0.455 3.79E-03
TAB1 TGF-beta activated kinase 1/MAP3K7 binding protein 1 -0.415 8.28E-03
TF transferrin -0.933 1.07E-04
VWF von Willebrand factor -1.115 4.49E-04
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Supplementary table 2B. Differentially expressed PPARγ regulated genes 
in epididymal white adipose tissue affected by rosiglitazone intervention 
in LDLr-/- mice. Transcriptional network analysis demonstrated a significant 
transcriptional activation of PPARγ (high and positive Z-score of 4.1, p=5.92e-24). 
Rosiglitazone significantly affected the transcription of 71 PPARγ regulated genes in 
WAT as listed below. False discovery rate of 5% (FDR<0.05) was used.

Supplementary Table 2B 
eWAT HFD+Rosi compared with HFD
Genes in dataset Prediction 

(based on expression direction)
Log Ratio

UCP1 Activated 3.351
TSC22D3 Activated -0.799
SORBS1 Activated 0.795
SOD1 Activated 0.542
SLC27A1 Activated 1.810
SLC25A20 Activated 1.399
SLC25A1 Activated 0.991
PPARGC1B Activated 0.935
PMM1 Activated 1.260
PLIN5 Activated 2.068
PDK4 Activated 3.228
MGLL Activated 1.015
ME1 Activated 1.048
MDH1 Activated 0.863
HP Activated -3.090
HADHB Activated 1.175
GPD1 Activated 2.167
GDF15 Activated 1.279
FABP5 Activated 1.361
FABP3 Activated 2.700
ESRRA Activated 0.490
EPHX1 Activated -0.546
EHHADH Activated 2.244
DLAT Activated 1.142
CYP4B1 Activated 1.784
CS Activated 0.911
CRAT Activated 1.018
CPT2 Activated 1.249
CPT1B Activated 3.491
CIDEA Activated 3.514
CAT Activated 1.016
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Supplementary Table 2B (continued)
eWAT HFD+Rosi compared with HFD
Genes in dataset Prediction 

(based on expression direction)
Log Ratio

ATP5O Activated 1.204
AQP7 Activated 1.205
APP Activated -0.551
ACTA2 Activated -1.767
ACSL1 Activated 1.200
ACOX1 Activated 1.222
ACADS Activated 1.566
ACADM Activated 1.035
ACAA2 Activated 1.116
Acaa1b Activated 1.927
VEGFA Inhibited -1.435
PRODH Inhibited -1.418
PPIC Inhibited -0.959
PPARGC1A Inhibited 0.934
MLYCD Inhibited 1.078
LAMB3 Inhibited -1.329
GATA2 Inhibited -0.889
ELOVL6 Inhibited -1.391
CFD Inhibited -1.274
CCND1 Inhibited -0.791
APOE Inhibited -0.737
ACSL5 Inhibited -0.576
Abcb1b Inhibited -0.826
ACADL Affected 1.571
ACOT8 Affected 0.575
AGT Affected -2.450
CDK2 Affected -0.597
FBP2 Affected 1.359
HR Affected -1.589
HSD3B7 Affected -0.842
IGFBP3 Affected -1.141
IGFBP5 Affected -1.650
IGFBP7 Affected -0.404
PDHB Affected 0.850
S100A8 Affected -2.150
SCNN1G Affected 1.209
SCP2 Affected 1.216
UGT1A9 (includes others) Affected -1.200
VLDLR Affected 0.723
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Supplement 3: Rosiglitazone intervention does not activate PPAR-regulated genes 
in livers of LDLr-/- mice

Original transcriptomics data: http://www.ebi.ac.uk/arrayexpress/experiments/ 
E-MTAB-1063/ 

Supplement 3A: Table listing 36 genes that are differentially expressed by rosiglitazone in 
liver.
probeID geneSymbol geneName Log Ratio Adjusted 

p-value
ILMN_2925947 ABAT 4-aminobutyrate aminotransferase 0.505 4.05E-02
ILMN_2629112 ACER2 alkaline ceramidase 2 0.68 5.03E-03
ILMN_2965414 ANKRD22 ankyrin repeat domain 22 0.94 4.83E-06
ILMN_2834123 APOA4 apolipoprotein A-IV -2.376 4.48E-03
ILMN_2641301 APOA5 apolipoprotein A-V -0.823 9.36E-03
ILMN_2732601 ARSG arylsulfatase G -0.745 9.36E-03
ILMN_2776603 Ccl9 chemokine (C-C motif) ligand 9 0.621 1.75E-02
ILMN_2835423 CFD complement factor D (adipsin) 4.666 1.33E-06
ILMN_2609813 CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 1.455 1.88E-02
ILMN_1215446 CIDEA cell death-inducing DFFA-like effector a 3.387 1.99E-03
ILMN_2827217 CLSTN3 calsyntenin 3 1.349 1.03E-02
ILMN_2806996 CREB3L3 cAMP responsive element binding protein 3-like 3 -0.52 3.19E-03
ILMN_2960325 CTSE cathepsin E 0.926 3.24E-02
ILMN_2664224 EPHX1 epoxide hydrolase 1, microsomal (xenobiotic) -0.657 4.60E-02
ILMN_2710698 FGF21 fibroblast growth factor 21 -1.51 2.59E-02
ILMN_2605941 GNPAT glyceronephosphate O-acyltransferase 0.389 1.67E-02
ILMN_3007956 GZF1 GDNF-inducible zinc finger protein 1 0.398 4.72E-02
ILMN_2795520 HLA-A major histocompatibility complex, class I, A -0.523 2.71E-02
ILMN_2662160 IMPA2 inositol(myo)-1(or 4)-monophosphatase 2 -0.779 4.48E-03
ILMN_1229605 INHBE inhibin, beta E -0.918 3.24E-02
ILMN_2692723 LPL lipoprotein lipase 1.261 2.51E-04
ILMN_1225764 MFSD2A major facilitator superfamily domain containing 2A -1.977 2.58E-02
ILMN_2813830 NT5E 5’-nucleotidase, ecto (CD73) 0.992 3.69E-02
ILMN_2680628 Pbld2 phenazine biosynthesis-like protein domain 

containing 2
-0.442 3.20E-02

ILMN_2924754 PDZK1 PDZ domain containing 1 -0.315 7.40E-03
ILMN_1249694 PGM3 phosphoglucomutase 3 -0.536 3.20E-02
ILMN_2739760 PRELP proline/arginine-rich end leucine-rich repeat protein -0.429 1.88E-02
ILMN_1254902 RDH16 retinol dehydrogenase 16 (all-trans) 1.318 1.33E-06
ILMN_1240471 RETSAT retinol saturase (all-trans-retinol 13,14-reductase) -0.719 1.88E-02
ILMN_2825446 SDCBP2 syndecan binding protein (syntenin) 2 1.575 3.19E-03
ILMN_2684145 SDCBP2 syndecan binding protein (syntenin) 2 0.999 7.40E-03
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Supplement 3B: Specific analysis of PPARγ-regulated genes in liver

Only 4 out of the 36 differentially expressed genes in the liver can potentially 
be regulated by PPARγ. These 4 genes are listed below. However, also other 
transcriptional regulators control the expression of these genes and a composite 
analysis of all gene expression changes (see upstream transcriptional regulator 
analysis below) shows that PPARγ is not activated.

Supplementary Table 3B
Liver HFD+Rosi compared with HFD control
Genes in dataset Prediction 

(based on expression direction)
Log Ratio

CFD Activated 4.666
CIDEA Activated 3.387
LPL Activated 1.276
EPHX1 Activated -0.657

Supplement 3C: Upstream transcriptional regulator analysis for PPARγ, PPARα and 
PPARδ in liver

Transcriptional network analysis of differentially expressed genes in liver 
demonstrated that there is no significant transcriptional activation of upstream 
regulators PPARγ, PPARα or PPARδ by rosiglitazone. False discovery rate of 5% 
(FDR<0.05) was used.

As reference for the validity of the method and for PPARα activation, we 
have used livers from LDLr-/- mice treated with fenofibrate (0.05% w/w), a 

Supplementary Table 3A (continued)
probeID geneSymbol geneName Log Ratio Adjusted 

p-value
ILMN_2826264 SERINC2 serine incorporator 2 -0.72 1.88E-02
ILMN_1231573 SERPINB1 serpin peptidase inhibitor, clade B (ovalbumin), 

member 1
1.994 4.83E-06

ILMN_1256644 SLC6A12 solute carrier family 6 (neurotransmitter 
transporter), member 12

0.482 2.58E-02

ILMN_2695199 ST3GAL6 ST3 beta-galactoside alpha-2,3-sialyltransferase 6 0.826 5.02E-05
ILMN_2757599 TSPAN31 tetraspanin 31 -0.415 5.62E-04
ILMN_1236758 WFDC2 WAP four-disulfide core domain 2 -2.028 1.18E-03
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pharmacological ligand of PPARα. Diets and durati on of interventi on were the same 
as for rosiglitazone. Fenofi brate signifi cantly acti vates PPARα acti vity (Z-score: 7.9, 
p=4.5e-55) based on gene expression changes induced by fenofi brate. Consistent 
with this, a signifi cant acti vati on of several key processes of lipid metabolism 
in liver was observed with fenofi brate (see Supplementary Table 3C). These 
processes were not aff ected with rosiglitazone treatment. In line with this, hepati c 
concentrati ons of β-hydroxybutyrate (beta-oxidati on product) were increased 
with fenofi brate treatment, but not with rosiglitazone (Supplementary Figure 3C), 
further supporti ng absence of PPARα acti vati on by rosiglitazone.

Supplementary Table 3C 
Top bio functi ons in lipid metabolism Predicted Acti vati on 

State
Log rati o p-value

transport of long chain fatt y acid Increased 2,902 1,91E-09
oxidati on of fatt y acid Increased 2,782 1,04E-17
uptake of long chain fatt y acid Increased 2,634 1,20E-03
storage of lipid Increased 2,58 3,39E-06

Supplementary fi gure 3C Using liver ti ssue homogenates and GC-MS technology, we examined 
whether rosiglitazone would aff ect hepati c β-hydroxybutyrate levels (a marker of hepati c fatt y 
acid oxidati on) relati ve to HFD mice. As a positi ve control for acti vati on of PPARα, livers of 
fenofi brate-treated LDLr-/- mice were used. The levels of hepati c β-hydroxybutyrate were not 
increased by rosiglitazone, but were signifi cantly increased by fenofi brate. These data further 
support absence of PPARα acti vati on by rosiglitazone. Values are expressed as mean ± SEM 
and expressed as arbitrary units (AU) relati ve to internal standard. *p<0.05 vs. HFD, HFD+Rosi.
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Supplement 4: Effect of rosiglitazone on myeloperoxidase (MPO)-positive cells 
(neutrophils) in liver

Representative pictures of MPO immunohistochemical stained liver sections of mice after a 
chow diet (upper left panel), 9 or 16 weeks high-fat diet (REF and HFD, upper right and lower 
left panel respectively) or rosiglitazone intervention (HFD+Rosi Lower right panel). Infiltration 
of neutrophils into the liver was observed after 16 weeks of HFD (both single cells and cell 
aggregates). Only a few MPO-positive cells were observed in HFD+Rosi, which resembled the 
condition prior to intervention (REF). (magnification x100).

Supplement 5: Effect of rosiglitazone on adipokine plasma concentrations of 
leptin, TNFα and adiponectin
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Plasma concentrations of leptin, TNFα and adiponectin of mice fed either a high-fat diet (HFD) 
or a HFD supplemented with rosiglitazone (HFD+Rosi).  Rosiglitazone intervention reduced 
levels of pro-inflammatory adipokines  leptin and TNFα. By contrast, rosiglitazone increased 
levels of anti-inflammatory adipokine adiponectin. Values are expressed as mean±SEM and 
expressed as plasma concentrations in pg/ml. *p<0.05.
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Abstract

Background and aim: Obese patients with chronic inflammation in white adipose 
tissue (WAT) have an increased risk of developing non-alcoholic steatohepatitis 
(NASH). The C-C chemokine receptor-2 (CCR2) has a crucial role in the recruitment 
of immune cells to WAT and liver, thereby promoting the inflammatory component 
of the disease. Herein, we examined whether intervention with propagermanium, 
an inhibitor of CCR2, would attenuate tissue inflammation and NASH development.

Methods: Male C57BL/6J mice received a high-fat diet (HFD) for 0, 6, 12 and 24 
weeks to characterize the development of early disease symptoms of NASH, i.e. 
insulin resistance and WAT inflammation (by hyperinsulinemic-euglycemic clamp 
and histology, respectively) and to define the optimal time point for intervention. 
In a separate study, mice were pretreated with HFD followed by propagermanium 
treatment (0.05% w/w) after 6 weeks (early intervention) or 12 weeks (late 
intervention). NASH was analyzed after 24 weeks of diet feeding.

Results: Insulin resistance in WAT developed after 6 weeks of HFD, which was paralleled 
by modest WAT inflammation. Insulin resistance and inflammation in WAT intensified 
after 12 weeks of HFD, and preceded NASH development. The subsequent CCR2 
intervention experiment showed that early, but not late, propagermanium treatment 
attenuated insulin resistance. Only the early treatment significantly decreased 
Mcp-1 and CD11c gene expression in WAT, indicating reduced WAT inflammation. 
Histopathological analysis of liver demonstrated that propagermanium treatment 
decreased macrovesicular steatosis and tended to reduce lobular inflammation, with 
more pronounced effects in the early intervention group. Propagermanium improved 
the ratio between pro-inflammatory (M1) and anti-inflammatory (M2) macrophages, 
quantified by CD11c and Arginase-1 gene expression in both intervention groups.

Conclusions: Overall, early propagermanium administration was more effective 
to improve insulin resistance, WAT inflammation and NASH compared to late 
intervention. These data suggest that therapeutic interventions for NASH directed 
at the MCP-1/CCR2 pathway should be initiated early.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic 
liver disease worldwide [1]. NAFLD encompasses a spectrum of liver conditions 
ranging from steatosis (NAFL) to steatosis with hepatic inflammation (non-alcoholic 
steatohepatitis, NASH) which can lead to liver fibrosis, cirrhosis and liver-related 
mortality [2]. The rise in prevalence of NAFLD parallels the dramatic increase in 
obesity [1]. It has been postulated that the chronic, low-grade inflammatory state 
that characterizes obesity may play a central role in driving the development of 
NASH [3]. Thus, anti-inflammatory treatments may have therapeutic potential to 
reduce obesity-associated NASH development.

The expanding white adipose tissue (WAT) in obesity may constitute an 
important source of inflammation during the development of NASH [4]. Many 
studies have demonstrated that WAT inflammation in obese subjects is promoted 
by infiltrating macrophages [5, 6]. Recently, we have shown that surgical excision 
of inflamed WAT can attenuate NASH, providing first evidence for a causal role of 
WAT in NASH development [7].

The chemokine monocyte chemoattractant protein (MCP)-1 and its receptor 
C-C chemokine receptor-2 (CCR2) play a pivotal role in the recruitment of 
macrophages/monocytes to the sites of inflammation both in WAT [8, 9] as well 
as in liver [9-11]. For instance, mouse models with genetic deletion of MCP-1 or 
CCR2 have shown that these factors control the infiltration of macrophages into 
WAT and are crucial for the development of insulin resistance and hepatic steatosis 
in high-fat diet (HFD)-induced obese mice [12, 13]. It also has been reported 
that CCR2-deficient mice have decreased accumulation of inflammatory cells in 
liver [10, 14]. Furthermore, previous studies have shown that the CCR2 inhibitor 
propagermanium can prevent insulin resistance and steatosis in db/db mice [15] 
and wild-type mice [16]. However, prophylactic administration was used in the latter 
experiments and it therefore remains unknown whether therapeutic intervention 
with propagermanium in the ongoing disease process of NASH, i.e. reflecting the 
clinical setting, will be effective. To answer this question, we first examined the 
development of disease symptoms insulin resistance, WAT and liver inflammation 
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in time, in order to define adequate time points for propagermanium intervention. 
To do so, male C57BL/6J mice were fed a high-fat diet (HFD) for 0, 6, 12 and 24 
weeks and insulin resistance was characterized by hyperinsulinemic-euglycemic 
clamp, and WAT and liver inflammation by histology. In a subsequent intervention 
study, we investigated whether propagermanium treatment, started at different 
time points in the disease development (early vs. late), would attenuate NASH 
development in mice with manifest disease symptoms.

Materials and methods

Animal experiments were approved by an independent Ethical Committee on 
Animal Care and Experimentation (DEC-Zeist, the Netherlands) and were in 
compliance with European Community specifications for the use of laboratory 
animals. Male 9-week old wild type C57BL/6J mice were obtained from Charles 
River Laboratories (L’Arbresle Cedex, France) and were kept on chow control diet 
during a 3-week acclimatization period until the start of the experiment (R/M-H, 
Ssniff Spezialdieten GmbH, Soest, Germany). Mice were housed in a temperature-
controlled room with a regular 12-h light/dark cycle, with ad libitum access to food 
and water.

Time-course hyperinsulinemic–euglycemic clamp experiment

A group of mice (n=12) was used as reference to define the condition prior to 
HFD feeding (at t=0). Three groups (n=12 each) were treated with a high-fat diet 
(HFD) for 6, 12 and 24 weeks (D12451, Research Diets Inc., New Brunswick, USA) to 
determine the development of whole-body and tissue-specific insulin resistance. A 
hyperinsulinemic-euglycemic clamp analysis was performed in all groups as described 
previously [17]. Briefly, after an overnight fast, mice were anesthetized with 6.25 
mg/kg vetranquil (Sanofi Santé Nutrition Animale, Libourne Cedex, France), 6.25 
mg/kg dormicum (Roche, Mijdrecht, The Netherlands) and 0.3125 mg/kg fentanyl 
(Janssen-Cilag, Tilburg, the Netherlands) and an infusion needle was placed in one 
of the tail veins. Basal rates of glucose turnover were determined by administering a 
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primed (0.72 μCi/μl), continuous (1.2 μCi/h) infusion of [14C]-glucose for 60 minutes. 
Subsequently, the hyperinsulinemic condition was started with a primed (4.1 mU) 
continuous (6.8 mU/h) infusion of insulin (Actrapid, Novo Nordisk, Alphen a/d Rijn, 
The Netherlands). A variable infusion of 12.5% D-glucose was used to maintain 
euglycemia (measured at 10 min intervals via tail bleeding using the ‘Freestyle 
glucose measurement system’ from Abbott (Abbott Park, IL, USA). Blood samples (75 
µl) were collected during the basal period (after 50 and 60 minutes) and during the 
clamp (hyperinsulinemic) period (after 70, 80 and 90 minutes) for determination of 
plasma glucose, insulin and 14C-glucose specific activities. To assess insulin-mediated 
glucose uptake in white adipose tissue (WAT), 2-deoxy-D-[3H] glucose (2-DG glucose; 
Amersham, Little Chalfont, UK) was administered as a bolus (1 µCi), 40 minutes before 
the end of the clamp experiment. After the clamp, mice were sacrificed, plasma was 
collected by heart puncture and liver and adipose tissue were isolated. One part 
of the tissues was fixed in formalin and paraffin-embedded for histological analysis, 
another part was frozen in liquid nitrogen for subsequent analysis.

CCR2 inhibitor intervention experiment

Mice were matched based on body weight and fasting insulin plasma concentration 
and divided into a chow control diet (n=5) control group and a HFD treatment group 
(n=45). Mice on HFD were matched again after 6 weeks of HFD feeding and divided 
into three groups (n=15 each). One group continued on HFD until the end of the 
study (24 weeks). The early intervention group received HFD supplemented with 
propagermanium from 6 weeks onwards, for a total of 18 weeks (HFD+Pro_6w, 
0.05% w/w; Sigma Aldrich, Zwijndrecht, The Netherlands). The late intervention 
group received HFD supplemented with propagermanium from 12 weeks onwards 
for another 12 weeks (HFD+Pro_12w). In week 24, all animals were sacrificed by 
CO2 asphyxiation. Serum was collected by heart puncture and major WAT depots 
and livers were isolated. One part of the tissues was fixed in formalin and paraffin-
embedded for histological analysis. Another part was snap-frozen in liquid nitrogen 
and stored at -80°C for real-time polymerase chain reaction (RT-PCR). Two mice 
that were resistant to develop diet-induced obesity on HFD (i.e. body weight gain 
50% less than group mean) were excluded from the study at sacrifice.
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Body composition

Total body fat was determined using a NMR Echo MRI whole body composition 
analyzer (EchoMRI LLC, Houston, TX, USA) at the end of the study (week 24).

Blood and plasma analyses

Blood samples were taken at regular intervals by tail incision after a 5-hour fast. 
Blood glucose was measured immediately using the ‘Freestyle glucose measurement 
system’ from Abbott (Abbott Park, IL, USA). Plasma insulin levels (Ultrasensitive 
mouse insulin ELISA, Mercodia, Uppsala, Sweden) and plasma adiponectin levels 
(R&D Systems Ltd, Abington, UK) were determined by ELISA. Homeostasis model 
assessment (HOMA) was used to calculate relative insulin resistance (IR). Five hours 
fasting plasma insulin and fasting blood glucose values were used to calculate IR, as 
follows: IR = [insulin (ng/ml) × glucose (mM)]/22.5.

Histological and biochemical analysis of adipose tissue and liver

Paraffin-embedded cross-sections (5 μm) of adipose tissue were stained with 
hematoxylin-phloxine-saffron (HPS). WAT inflammation was quantified blindly by 
counting the number of crown-like structures (CLS) in 3 non-overlapping fields (at 
x100 magnification) and expressed as number of CLS per mm2.

Hematoxylin and eosin-stained (HE) cross-sections (3µm) of the medial liver 
lobe (lobus medialis hepatis) were scored blindly using an adapted grading method 
for human NASH [18]. Briefly, two cross-sections per mouse were examined and 
the level of macrovesicular and microvesicular steatosis was assessed relative to 
the liver area analyzed and expressed as a percentage. Hepatic inflammation was 
evaluated by counting the number of inflammatory cell aggregates per field at a x100 
magnification (view size of 3.1 mm2) in five non-overlapping fields per specimen, 
and expressed as average number of cell aggregates per field. Biochemical analysis 
of intrahepatic triglyceride content was determined by high-performance thin-
layer chromatography (HPTLC) as previously described [7].
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Gene expression analyses

Liver RNA was extracted using RNA Bee Total RNA Isolation Kit (Bio-Connect, 
Huissen, the Netherlands) and Ambion Total RNA isolation was used for RNA 
extraction of WAT (AM1912, Life Technologies, Bleiswijk, The Netherlands). 
RNA concentration was assessed spectrophotometrically using Nanodrop 
1000 (Isogen Life Science, De Meern, the Netherlands) and RNA quality was 
determined by Lab-on-Chip analysis using 2100 Bioanalyzer (Agilent Technologies, 
Amstelveen, the Netherlands). cDNA was synthesized from total RNA using a 
High Capacity RNA-to-cDNA™ Kit (Life Technologies). Gene expression analyses 
were performed by RT-PCR on an Applied Biosystems 7500 Fast Real-time 
PCR system. TaqMan® Gene Expression Assays (Life Technologies) were used 
to detect the expression of the following genes: CD68 (Mm03047340_m1), 
CD11c (Itgax, Mm00498698_m1), Arginase-1 (Arg1, Mm00475988_m1), Mcp-
1 (Ccl2, Mm00441242_m1), Tnf-α (Tnf, Mm00443258_m1). Glyceraldehyde 
3-phosphate dehydrogenase (Gapdh; 4308313), hypoxanthine-guanine 
phosphoribosyltransferase (Hprt; Mm00446968_m1) and peptidylprolyl 
isomerase F (Ppif; Mm00506384_m1) were used as housekeeping genes. Changes 
in gene expression were calculated using the comparative Ct (ΔΔCt) method and 
expressed as fold-change relative to HFD control group.

Statistical analysis

Results are shown as mean±SEM. Significance of difference between groups 
were statistically analyzed by One-way ANOVA and Tukey post-hoc tests (for 
normally distributed variables). Non-normally distributed variables were tested 
by non-parametric Kruskal-Wallis followed by one-sided Mann-Whitney U test 
using Graphpad Prism software (version 6, Graphpad Software Inc. La Jolla, USA). 
Correlations were determined by Spearman’s rank correlation. Differences were 
considered significant at p<0.05.
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Results

Insulin resistance in WAT precedes hepatic insulin resistance in diet-induced NASH

The development of whole body and tissue-specific insulin resistance was 
determined by hyperinsulinemic-euglycemic clamps prior to (t=0) and after 6, 12, 
24 weeks of HFD feeding. The glucose infusion rate (GIR), a measure of whole body 
insulin sensitivity, was markedly lowered after 6 weeks and decreased further at 24 
weeks (Figure 1A). The use of radioactive glucose tracers allowed us to determine 
development of insulin resistance in WAT and liver. The 2-deoxyglucose (2DG) 
uptake by WAT was already significantly lowered after 6 weeks of HFD feeding, 
clearly indicating that this tissue had become insulin resistant (Figure 1B), whereas 
the liver was still insulin sensitive at that time point (Figure 1C). Hepatic glucose 
production was suppressed by insulin until week 12 of HFD feeding, but thereafter 
insulins’ inhibitory effect became weaker and hepatic insulin resistance developed 
after 24 weeks of HFD feeding (Figure 1C). The development of insulin resistance in 
WAT after 6 weeks of HFD was paralleled by the occurrence of crown-like structures 
(CLS), a defining characteristic of macrophage-driven WAT inflammation (Figure 1D 
and Figure 1F). Also, the development of hepatic insulin resistance after 24 weeks 
of HFD coincided with formation of inflammatory cell aggregates indicating liver 
inflammation (Figure 1E and Figure 1G). In all, these data demonstrate that insulin 
resistance in WAT develops rapidly (detectable after 6 and 12 weeks) and precedes 
liver insulin resistance (24 weeks) and diet-induced NASH.

Intervention with propagermanium improves insulin resistance independent of 
obesity

In a separate study, propagermanium interventions were started after 6 weeks 
(HFD+Pro_6w; early intervention) and 12 weeks (HFD+Pro_12w group; late 
intervention) of HFD feeding.

The body weight of mice on a HFD increased strongly over time relative to 
chow control mice (HFD: 49.1±1.0g vs. Chow: 33.7±1.5g, p<0.0001; Figure 2A). The 
increase in body weight in the HFD group was reflected by increased total body 
fat mass (HFD: 18.6±0.8g vs. Chow: 4.3±1.2g; p<0.001). Early and late treatment 
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Figure 1. Time course development of insulin resistance, adipose and liver inflammation. 
Mice were maintained on a high-fat diet (HFD) 0, 6, 12 and 24 weeks prior to clamp experiment to 
induce insulin resistance. (A) shows HFD-induced decrease in glucose infusion rate (GIR) under 
hyperinsulinemic conditions, indicating development of whole body insulin resistance. (B) HFD 
feeding resulted in a gradual decrease of tissue-specific uptake of glucose into white adipose 
tissue (WAT). (C) HFD feeding increased hepatic glucose production after 24 weeks of HFD, 
indicating development of hepatic insulin resistance. ‘Basal’ indicates prior to hyperinsulinemic 
clamp conditions and ‘clamp’ indicates hyperinsulinemic clamp conditions. (D) Representative 
microphotographs of HPS-stained WAT cross-sections, showing WAT inflammation (i.e. crown-
like structures) already after 6 weeks of HFD feeding. (E) Representative microphotographs of 
HE-stained liver cross-sections, showing NASH development after 24 weeks of HFD feeding 
(arrow heads indicate clusters of inflammatory cells). (F) Quantitative analysis of crown-likes 
structures (CLS), demonstrating gradual development of WAT inflammation by HFD feeding. 
(G) Hepatic inflammation (number of inflammatory cell aggregates per 100x field) was induced 
after 24 weeks of HFD feeding. All data are mean±SEM, n=7-11/group. * p<0.05 ** p<0.01 *** 
p<0.001 compared with t=0. # p<0.05, ###p<0.01 compared to week 24.
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with propagermanium did not affect body weight (HFD+Pro_6w: 48.2±1.3g 
and HFD+Pro_12w: 47.7±0.7g, ns; Figure 2A) and total fat mass (HFD+Pro_6w: 
18.4±0.8g and HFD+Pro_12w: 17.9±0.4g; ns).

HFD feeding increased fasting blood glucose (9.2±0.3 mM vs. 7.6±0.3 mM in 
chow; p<0.01; Figure 2B), and comparable levels were observed in the intervention 
groups (HFD+Pro_6w: 8.9±0.2 mM and HFD+Pro_12w: 8.9±0.2 mM, ns; Figure 
2B). Moreover, HFD feeding strongly increased fasting insulin levels compared 
to chow (HFD: 18.6 ±3.7 ng/ml vs. Chow: 1.2±0.3 ng/ml; p<0.001). This increase 
was significantly attenuated in the early intervention group, but not in the late 
intervention group (Figure 2C). Consistent with this, C-peptide was significantly 
reduced by the early propagermanium intervention, but not by the late intervention 
(Figure 2D). Moreover, early intervention with propagermanium significantly 
lowered fasting HOMA-IR which remained at a lower level until the end of the study 
(Figure 2E). The anti-inflammatory adipokine adiponectin was increased in plasma 
at week 24 in those mice receiving early propagermanium treatment (Figure 2F).

Taken together, early intervention, but not late intervention, with 
propagermanium attenuates insulin resistance and increases plasma adiponectin 
levels. These effects were independent of body mass and adiposity, suggesting an 
effect on the inflammatory state of WAT.

Intervention with propagermanium attenuates WAT inflammation

MCP-1 and its receptor CCR2 are important for macrophage recruitment [8, 9] as 
well as polarization of macrophages from an anti-inflammatory M2 toward a pro-
inflammatory M1 phenotype in adipose tissue [19]. Both processes contribute to 
WAT inflammation and have been associated with the development of insulin 
resistance. As shown in Figure 3A, HFD feeding resulted in increased gene expression 
of CD68 (a generic macrophage marker) compared to chow (p<0.05), indicating 
that more macrophages are present in WAT of the HFD-fed mice. Propagermanium 
interventions did not affect CD68 expression in WAT. A more refined analysis of the 
macrophage phenotype revealed that HFD treatment strongly increased the gene 
expression of CD11c, a M1 marker. This increase was significantly reduced by early 
propagermanium treatment (p<0.05 vs. HFD) and tended to be lower in the late 
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Figure 2. Effects of propagermanium intervention on body weight and metabolic 
parameters. Mice were fed a high-fat diet (HFD) for 24 weeks or treated with the CCR2 inhibitor 
propagermanium started after 6 weeks (HFD+Pro_6w, early intervention) or 12 weeks of HFD 
(HFD+Pro_12w, late intervention). Chow-fed mice were included as a reference. (A) HFD 
feeding increased body weight compared with chow and was not affected by propagermanium 
intervention. (B) Fasting blood glucose levels over time. (C) HFD-induced increased fasting 
plasma insulin levels, which were reduced in HFD+Pro_6w. (D) C-peptide levels were increased 
at week 24 in HFD-fed mice and attenuated by early propagermanium intervention. (E) HFD-
induced increases in HOMA-IR relative to chow were significantly reduced by early, but not 
late, propagermanium intervention. (F) Plasma adiponectin levels were increased by early 
propagermanium treatment in week 24. All data are mean±SEM, n=5 (chow), and n=13-15 for 
HFD and intervention groups. * p<0.05 (compared with chow) # p<0.05 compared with HFD.
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intervention group (p=0.09 vs. HFD, Figure 3B). By contrast, expression of arginase-1 
(a M2 marker) did not differ between the groups (Figure 3C). In agreement with 
the observed decrease in expression of CD11c, Mcp-1 expression was significantly 
attenuated in the HFD+Pro_6w group (p<0.05 vs. HFD, Figure 3D). The HFD-induced 
expression of Tnf-α was diminished in both intervention groups, but this effect did 
not reach statistical significance (p=0.10; HFD vs. HFD+Pro_6w, Figure 3E).

Collectively, these results indicate that early intervention with propagermanium 
reduces WAT inflammation as shown by decreased expression of pro-inflammatory 
M1 macrophage markers.

Propagermanium intervention attenuates NASH development

Histological analysis revealed a significant decrease in macrovesicular steatosis vs. 
HFD control group by early intervention only (with -37%, p<0.05 for HFD+Pro_6wk 
and -31%, p=0.14 for HFD+Pro_12 wk; Figure 4A), while microvesicular steatosis 
was not affected (Figure 4B). Biochemical analysis showed that hepatic triglycerides 
were slightly reduced by early propagermanium treatment, but did not reach 
statistical significance (HFD: 168.5±19.0 µg/mg liver protein vs. HFD+Pro_6w: 
149.7±22.9 µg/mg liver protein, p=0.27; not shown).

Quantification of inflammatory cell aggregates (a hallmark of NASH) revealed that 
lobular inflammation was reduced by intervention with propagermanium (Figure 4C), 
with borderline significant effect of early propagermanium treatment (p=0.05 for 
HFD+Pro_6wk and p=0.18 for HFD+Pro_12wk, respectively). Lobular inflammation 
in the HFD group was accompanied by increased hepatic Tnf-α gene expression and 
increased CD68 gene expression (both, p<0.05 vs. chow), which were not affected by 
propagermanium (not shown). Notably, lobular inflammation positively correlated 
with the ratio of M1/M2 macrophages (CD11c/Arginase-1 gene expression; r=0.72, 
p<0.0001, Figure 4D). HFD feeding strongly increased the M1/M2 ratio compared to 
chow and propagermanium intervention attenuated this HFD effect (Figure 4E). The 
improvement in M1/M2 ratio by propagermanium is the result of lowered CD11c 
expression as well as an increase in Arginase-1 expression (Supplemental figure 1). 
Taken together, propagermanium treatment reduced NASH development with a 
more pronounced hepatoprotective effect of early intervention.
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Discussion

Accumulating evidence points to an important role of the MCP-1/CCR2 pathway 
in the development of obesity-associated inflammation in WAT [6, 8, 9, 12, 13] 
and subsequent development of NASH [9, 10, 14]. Herein, we examined whether 
therapeutic intervention with the CCR2 inhibitor propagermanium in ongoing 
disease would attenuate NASH development. We demonstrate that early risk 
factors of the disease, i.e. insulin resistance and WAT inflammation, can be reduced 
by propagermanium and that this effect is independent of obesity. Moreover, 
intervention with propagermanium reduced macrovesicular steatosis and reduced 
lobular inflammation, indicating an attenuation of NASH development. The effects 

Figure 3. Effects of propagermanium intervention on WAT inflammation markers. (A) HFD 
feeding increased CD68 expression (general macrophage marker), which was not affected by 
propagermanium. (B) HFD increased CD11c expression, suggesting increased number of ‘pro-
inflammatory’ (M1) macrophages in WAT. (C) Arginase-1 expression (anti-inflammatory M2 
macrophage marker) did not differ between the groups. Early intervention significantly lowered 
HFD-induced expression of (D) Mcp-1 and showed slightly lowered (E) Tnf-α expression levels 
in WAT. All data are mean±SEM.* p<0.05.
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of propagermanium were more pronounced when the intervention was started 
early (after 6 weeks of HFD feeding).

NASH is strongly associated with insulin resistance [20, 21]. More specifically, 
it has been shown the degree of adipose tissue insulin resistance is associated 
with progressive NASH in patients [22], supporting the view that insulin resistance 
in WAT is an early disease symptom that may contribute to NASH development 
[23]. In line with this, our data show that WAT insulin resistance precedes NASH 
development. Interestingly, hepatic insulin resistance develops much later in time 
(after 24 weeks of HFD). We observed that development of insulin resistance was 

Figure 4. Effects of propagermanium intervention on NASH development. (A) HFD feeding 
induced pronounced macrovesicular steatosis, which was reduced in HFD+Pro_6w group. 
(B) Microvesicular steatosis was induced by HFD and was not affected by propagermanium 
treatment. (C) Quantification of inflammatory cell aggregates number per field in the liver 
(lobular inflammation), which was increased by HFD and tended to be reduced by early 
propagermanium treatment. (D) Lobular inflammation strongly correlates with the ratio 
of M1/M2 markers (CD11c/Arginase-1 gene expression). (E) M1/M2 ratio is decreased by 
propagermanium treatment, indicating a shift towards M2 phenotype. All data are mean±SEM. 
* p<0.05.
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paralleled by an increase in inflammatory cells in both, WAT and liver. In addition 
to changes in number of inflammatory cells, macrophage phenotype may also play 
a role in the development of insulin resistance.

Macrophages are phenotypically heterogeneous and have been characterized 
based on their polarization state as ‘pro-inflammatory M1’ or ‘anti-inflammatory 
M2’ macrophages [24]. The ratio of M1/M2 macrophages may be of particular 
importance in the development of insulin resistance. For instance, mice lacking M2 
polarized macrophages show increased WAT inflammation (e.g. CLS) and worsened 
insulin resistance [25, 26]. In the present study, we observed a significantly increase 
in M1 marker CD11c expression in WAT upon HFD feeding and propagermanium 
attenuated this effect and lowered plasma insulin levels. Notably, therapeutic 
propagermanium administration did not result in decreased expression of total 
macrophage marker (CD68) or increased M2 macrophage marker expression, 
indicating that decreasing pro-inflammatory M1 macrophage content is sufficient 
to improve obesity-associated insulin resistance. In support of this notion, CD11c 
depletion in obese mice resulted in a rapid normalization of glucose and insulin 
tolerance and decreased inflammatory markers in WAT, both at the level of gene 
transcription and protein expression [27].

The dysregulation of the M1/M2 phenotypic balance in the liver is also 
emerging as a central mechanism in NASH development [24]. Herein, we observed 
that HFD feeding increased the ratio M1/M2 macrophage expression in the liver, 
whereas propagermanium intervention counteracted this effect. Moreover, 
lobular inflammation positively correlated with the ratio of M1/M2 expression in 
liver, suggesting that a shift towards M1 macrophages may be critical for NAFLD 
progression. Consistent with this, Maina and colleagues have shown that hepatic 
expression of M1 markers (i.e. iNOS, IL-12p40) positively correlated with number 
of inflammatory foci in livers of C57BL/6 mice [28]. These and our data suggest that 
suppressing M1 macrophage polarization and/or favoring the differentiation of M2 
macrophages in the liver can attenuate NASH development.

Recently, in a randomized controlled clinical trial the effect of the CCR2 
antagonist, JNJ-41443532, was examined in obese patients with type 2 diabetes 
[29]. The administration of this CCR2 antagonist resulted in decreased levels of 
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fasting blood glucose over a 4-week treatment period. HOMA-IR was also lowered 
in these patients, but did not reach statistical significance. Herein, intervention 
with propagermanium in obese mice resulted also in reduced plasma insulin and 
HOMA-IR, but only early treatment showed significant reductions. These data 
indicate that CCR2 inhibitors may be beneficial to treat insulin resistance, but only 
when administered early in the disease development, essentially as shown by 
Tamura and co-workers [15, 16].

Importantly, the effect of CCR2 antagonism on NASH development has not been 
investigated so far. This study provides experimental evidence that early CCR2 
intervention attenuates adipose tissue inflammation in obesity and subsequent 
NASH development. Late intervention (12 week onwards) showed similar effects, 
yet not significant. The late intervention was started at a time point were insulin 
resistance, WAT inflammation and hepatic steatosis were progressing, but without 
manifest hepatic inflammation. Since the propagermanium treatment already lost 
effectiveness when started at this time point, it’s unlikely that propagermanium 
would be able to reverse the disease process when given at a later time point, 
i.e. when NAFLD has progressed to NASH. Nonetheless, we cannot exclude the 
possibility that a longer treatment period with propagermanium may be required 
to achieve a beneficial effect on NASH. Furthermore, it should be noted that 
propagermanium selectively inhibits MCP-1-induced chemotaxis of CCR2-positive 
monocytes in vitro [30]. Based on published data [31-33], it is thus likely that 
disease pathways other than MCP-1/CCR2 become upregulated at later stages 
of disease process (e.g. RANTES/CCR5) and that interventions merely targeting 
MCP‑1/CCR2 become less efficient.

In all, early propagermanium intervention was more effective than late 
intervention in attenuating insulin resistance, WAT inflammation, and NASH 
development. The results of this study suggest that therapeutic interventions for 
NASH directed at the MCP-1/CCR2 pathway should be initiated in an early stage of 
the disease development in order to be effective.
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SUPPLEMENTAL DATA

Supplemental Figure 1. The effect on propagermanium intervention on hepatic gene 
expression of M1 and M2 macrophage markers. (A) HFD increased CD11c expression in 
liver, suggesting increased number of ‘pro‑inflammatory’ (M1) macrophages. Early treatment 
tended to reduce M1 macrophage expression. (B) HFD reduced expression of Arginase-1 in 
liver, reflecting lower number of anti-inflammatory (M2) macrophages. Propagermanium 
treatment increased expression of M2 macrophages. All data are mean±SEM. * p<0.05.





 Chapter 5
Intervention with a caspase-1 inhibitor reduces 

obesity-associated hyperinsulinemia, non-
alcoholic steatohepatitis (NASH) and hepatic 

fi brosis in LDLr-/-.Leiden mice

Martine C. Morrison1,2,3, Petra Mulder1, Kanita Salic1, Joanne Verheij4, Wen Liang1, 

Wim van Duyvenvoorde1, Aswin Menke5, Teake Kooistra1, Robert Kleemann1, Peter 

Y. Wielinga1

1Department of Metabolic Health Research, Netherlands Organization for Applied Scientifi c 
Research (TNO), Zernikedreef 9, 2333 CK Leiden, The Netherlands

2Department of Pathology and Medical Biology, University of Groningen, University Medical 
Center Groningen, Hanzeplein 1 (EA11), 9713 GZ Groningen, The Netherlands

3Top Institute Food and Nutrition, Nieuwe Kanaal 9A, 6709 PA Wageningen, The Netherlands
4Department of Pathology, Academic Medical Center, University of Amsterdam, Meibergdreef 9, 

1105 AZ Amsterdam, The Netherlands
5TNO Triskelion, Utrechtseweg 48, 3704 HE Zeist, The Netherlands

International Journal of Obesity. 2016 Sep; 40(9):1416-23. doi: 
10.1038/ijo.2016.74.



Chapter 5

112

Abstract

Background/Objectives: Non-alcoholic steatohepatitis (NASH) is a serious liver 
condition, closely associated with obesity and insulin resistance. Recent studies 
have suggested an important role for inflammasome/caspase-1 in the development 
of NASH, but the potential therapeutic value of caspase-1 inhibition remains 
unclear. Therefore, we aimed to investigate the effects of caspase-1 inhibition in 
the ongoing disease process, to mimic the clinical setting. 

Subjects/Methods: To investigate effects of caspase-1 inhibition under therapeutic 
conditions, male LDLr‑/‑.Leiden mice were fed a high-fat diet (HFD) for 9 weeks to 
induce a pre-diabetic state before start of treatment. Mice were then continued on 
HFD for another 12 weeks, without (HFD) or with (HFD-YVAD) treatment with the 
caspase-1 inhibitor Ac-YVAD-cmk (40 mg/kg/day). 

Results: 9 weeks of HFD feeding resulted in an obese phenotype, with obesity-
associated hypertriglyceridemia, hypercholesterolemia, hyperglycemia, and 
hyperinsulinemia. Treatment with Ac‑YVAD-cmk did not affect further body weight 
gain or dyslipidemia, but did attenuate further progression of insulin resistance. 
Histopathological analysis of livers clearly demonstrated prevention of NASH 
development in HFD-YVAD mice: livers were less steatotic and neutrophil infiltration 
was strongly reduced. In addition, caspase-1 inhibition had a profound effect on 
hepatic fibrosis, as assessed by histological quantification of collagen staining and 
gene expression analysis of fibrosis-associated genes Col1a1, Acta2, and Tnfa. 

Conclusions: Intervention with a caspase-1 inhibitor attenuated the development 
of NASH, liver fibrosis and insulin resistance. Our data support the importance 
of inflammasome/caspase-1 in the development of NASH and demonstrate that 
therapeutic intervention in the already ongoing disease process is feasible.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has become the most common cause of 
chronic liver disease in Western countries, and its prevalence continues to rise in 
parallel with increasing rates of obesity and type 2 diabetes (T2D), to which it is 
strongly related [1,2]. NAFLD encompasses a spectrum of liver disease, that ranges 
from the clinically benign intrahepatic accumulation of lipids (steatosis) to the 
more progressive non-alcoholic steatohepatitis (NASH), which is characterized by 
the presence of hepatic inflammation, ballooning and fibrosis [3]. NASH is a serious 
liver disease that can further progress to cirrhosis and hepatocellular carcinoma 
[4], and is projected to become the leading indication for liver transplantation 
in the next several years [5], particularly since there is currently no approved 
pharmacological therapy for NAFLD/NASH.

A crucial factor in the pathogenesis of NAFLD is considered to be the chronic 
low-grade inflammatory state that characterizes metabolic overload and obesity 
[6]. It is assumed that this metabolically induced inflammation results from excess 
nutrient and energy intake and originates in the adipose tissue [7]. A key component 
in metabolic inflammation is the NLRP3 inflammasome, a multi-protein danger-
sensing complex that is thought to form the crossroads between metabolism and 
inflammation [8]. This large cytoplasmic complex comprises the receptor protein 
NLRP3, which can be activated by classical pro-inflammatory signals as well as by 
metabolic signals such as free fatty acids [9,10]. Activation of NLRP3 facilitates the 
recruitment and activation of caspase-1, which cleaves the biologically inactive 
precursors of the cytokines IL-1β and IL-18 into their mature, pro-inflammatory 
counterparts [11].

Several studies provide indication that inflammasome activation indeed plays 
an important role in the development of NAFLD. Analyses of human liver biopsies 
have shown that mRNA expression of NLRP3 inflammasome-related proteins (e.g. 
NLRP3, caspase-1, pro-IL-1β, pro-IL-18) is increased in livers of NASH patients 
[9,12] and that their expression correlates with the extent of fibrosis development 
[12]. In line with this, studies in experimental models of NASH have shown that 
caspase-1 is activated in NASH livers [9,13,14] and that development of NASH is 
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clearly reduced in mice in which inflammasome-associated genes are knocked out 
[12-14] while constitutive hyperactivation of the NLRP3 inflammasome results in 
severe liver inflammation and fibrosis [15].

However, since most of these studies were performed in genetically engineered 
mouse strains that are completely deficient in inflammasome-associated genes like 
NLRP3 or caspase-1, the potential therapeutic value of inflammasome inhibition 
in the ongoing disease process, i.e. conditions reflective of the clinical setting, 
remains unclear. Therefore, we aimed to investigate the effect of treatment with 
an inflammasome inhibitor on the development of obesity-associated NAFLD. To 
this end we used LDLr‑/-.Leiden mice, a translational model for obesity-associated 
diseases [16]. When fed a HFD, these mice develop diet-induced obesity, metabolic 
inflammation and insulin resistance that progresses to development of T2D 
and NASH [17,18]. We treated HFD-fed LDLr-/-.Leiden mice with the caspase‑1 
inhibitor Ac-YVAD-cmk [19-21], starting treatment once early disease symptoms 
were present, to allow us to study the effects of inflammasome inhibition in a 
therapeutic setting. 

Material and methods

Animals

Animal experiments were approved by an independent Committee on the Ethics 
of Animal Experiments (DEC-Zeist, The Netherlands; Permit Number: 3216). Male 
LDLr-/-.Leiden mice were kept on chow (Sniff-R/M-V1530, Uden, the Netherlands) 
until the start of the study (at 12-14 weeks of age). The mice were then matched into 
three groups (n=15/group) based on body weight (sample size based on previously 
performed pilot studies). The first group received a low-fat reference diet (LFD, 10 
kcal% fat from lard; D12450B Research Diets, New Brunswick, USA). The other two 
groups were fed a high-fat diet (HFD, 45 kcal% fat from lard; D12451, Research Diets) 
for nine weeks, after which the intervention was started. Both groups continued on 
HFD for the remainder of the study, and from t=9w onwards group 3 (HFD-YVAD) 
received daily i.p. injections with the caspase-1 inhibitor Ac‑YVAD-cmk (40  mg/
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kg; Bachem, Weil a.Rhein, Germany). Body weight (individual) and food intake 
(per cage) were measured every 3 weeks. Body fat percentage was determined 
by EchoMRI (EchoMRI-LLC, Houston, USA). Tail blood samples (for EDTA plasma) 
were taken at regular intervals after a 5‑hour fast. At t=20w, an intraperitoneal 
glucose tolerance test (ipGTT) was performed (n=8/group, randomly selected). For 
this, mice were fasted for 5 hours before they were injected with 33 mg glucose 
(comparable to 1g/kg body weight based on average body weight of 33 g in the 
LFD control group). Tail blood samples were taken before (t=0), and at 5, 15, 30, 
60 and 120 minutes post-injection to determine blood glucose and plasma insulin 
levels. At t=21 weeks, the mice were sacrificed by CO2, terminal blood (for serum 
collection) was obtained via cardiac puncture and isolated organs were weighed. 

Blood and plasma analyses

Blood glucose was measured immediately using a hand-held glucose analyser 
(Freestyle Disectronic, Vianen, the Netherlands). Plasma insulin levels were 
determined by ELISA (Mercodia, Uppsala, Sweden). Total plasma cholesterol and 
triglyceride levels were measured with enzymatic assays (Roche Diagnostics, 
Almere, the Netherlands). Plasma alanine aminotransferase (ALAT) levels were 
measured using a spectrophotometric activity assay (Reflotron-Plus, Roche).

Histological analysis of adipose tissue and liver

White adipose tissue (WAT) inflammation was assessed in the three major WAT 
depots (inguinal, mesenteric and epididymal). Tissues were formalin-fixed and 
paraffin-embedded, and cross-sections (5µm) were stained with hematoxylin-
phloxine-saffron. WAT inflammation was quantified blindly by counting the number 
of crown-like structures (CLS) in 3 non-overlapping fields (at 100x magnification, 
view size 3.1 mm2) for each depot, expressed as number of CLS per mm2. 

Formalin-fixed and paraffin-embedded cross-sections (5µm) of the median 
lobe were stained with hematoxylin and eosin and scored blindly by a board-
certified pathologist using an adapted grading method for human NASH [16]. 
Briefly, two cross-sections/mouse were examined and the level of microvesicular 
and macrovesicular steatosis was determined relative to the liver area analyzed 
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(expressed as a percentage). Hepatic inflammation was assessed by counting the 
number of inflammatory foci per field at a 100× magnification (view size 3.1 mm2) 
in five non-overlapping fields per specimen, expressed as the average number 
of foci per field. Immunohistochemical staining for myeloperoxidase (ab9535; 
Abcam, Cambridge, UK) was used to identify neutrophils, and the number of 
myeloperoxidase-positive inflammatory clusters was counted as described above. 
Fibrosis was assessed histochemically by Picro-Sirius Red staining (Chroma, 
WALDECK-Gmbh, Münster, Germany). Collagen content was quantified using 
ImageJ software (version 1.48, NIH, Bethesda, MD, USA) to assess the area of liver 
tissue that was positively stained (expressed as the percentage of total tissue area). 
In addition, development of fibrosis was assessed by a pathologist to gain insight 
into the distribution pattern of the collagen and to quantify the percentage of 
pericellular fibrosis specifically (expressed as the percentage of pericellular fibrosis 
relative to the total perisinusoidal area). 

Analysis of liver lipids

Liver lipids were analyzed by high performance thin layer chromatography (HPTLC) 
as described previously [22]. In brief, lipids were extracted from liver homogenates 
using methanol and chloroform following the Bligh and Dyer method [23], after 
which they were separated by HPTLC on silica gel plates. Lipid spots were stained 
with color reagent (5 g of MnCl24H2O, 32 ml of 95–97% H2SO4 added to 960 ml of 
CH3OH:H2O 1:1 v/v) and triglycerides, cholesteryl esters and free cholesterol were 
quantified using TINA version 2.09 software (Raytest, Straubenhardt, Germany). 
Liver lipids were expressed per mg liver protein, which was determined in the same 
liver homogenates used for the liver lipid analysis, using the Lowry protein assay 
[24].

Hepatic gene expression analyses

RNA-Bee Total-RNA Isolation Kit (Bio-Connect, Huissen, the Netherlands) was used 
for RNA extraction. RNA concentration was determined spectrophotometrically 
using Nanodrop 1000 (Isogen Life Science, De Meern, the Netherlands) and RNA 
quality was assessed using 2100 Bioanalyzer (Agilent Technologies, Amstelveen, 
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the Netherlands). cDNA was synthesized from 1 µg of RNA using a High-Capacity 
RNA-to-cDNA Kit (Life Technologies, Bleiswijk, the Netherlands). Transcripts 
were quantified using TaqMan® Gene Expression Assays (Life Technologies) and the 
following primer/probe-sets: F4/80 (Mm00802529_m1), Col1a1 (Mm00801666_
g1), Tnf (Mm00443258_m1), Acta2 (Mm01546133_m1), and the endogenous 
control Ppif (Mm01273726_m1). Changes in gene expression were calculated using 
the comparative Ct (ΔΔCt) method and expressed as fold-change relative to LFD as 
described previously [25].

Statistical analysis

Data were analyzed with SPSS 22.0 (IBM, Armonk, USA). Differences between 
groups were analyzed by one-way ANOVA followed by LSD post-hoc analysis. 
Variables with unequal variances were analyzed by ANOVA (Brown-Forsythe) and 
Dunnett's T3 post-hoc test. Non-normally distributed variables were analyzed 
by non-parametric Kruskal-Wallis followed by Mann-Whitney U. To test the 
hypothesis that treatment with Ac-YVAD-cmk may attenuate development of WAT 
inflammation, insulin resistance and NASH, a one-sided p<0.05 was considered 
statistically significant. All Results are shown as mean±SEM.

Results

In order to investigate the effects of caspase-1 inhibition under therapeutic 
conditions, LDLr-/-.Leiden mice were fed a HFD for 9 weeks to induce a pre-diabetic 
state prior to the start of treatment with the caspase‑1 inhibitor Ac-YVAD-cmk. 
This HFD-feeding resulted in an obese phenotype with obesity-associated 
hypertriglyceridemia, hypercholesterolemia, hyperglycemia, and hyperinsulinemia 
(Table  1, all p<0.05 compared with t=0). As a reference, a LFD-fed group of 
LDLr-/-.Leiden mice was included that developed a milder obese pre-diabetic 
phenotype (Table 1). 
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Table 1. Pre-treatment characteristics
t=0 t=9 weeks

chow LFD HFD
Body weight (g) 26.3 ± 0.3a 32.3 ± 0.9b 39.0 ± 1.0c

Plasma cholesterol (mM) 5.4 ± 0.1a 16.1 ± 2.0b 16.8 ± 1.1b

Plasma triglycerides (mM) 1.0 ± 0.0a 2.6 ± 0.4b 2.6 ± 0.2b

Blood glucose (mM) 6.5 ± 0.1a 6.5 ± 0.4a 8.5 ± 0.2b

Plasma insulin (ng/ml) 1.1 ± 0.1a 2.2 ± 0.4b 5.2 ± 0.5c

All data are mean ± SEM. Means in a row with superscripts without a common letter differ 
significantly (p<0.05).

Caspase-1 inhibition does not affect obesity or dyslipidemia, but does improve 
adipose tissue inflammation and insulin sensitivity

After these first 9 weeks of HFD-feeding, treatment with Ac-YVAD-cmk was started 
in half of the HFD-fed animals (HFD-YVAD) while the other 15 mice remained on the 
HFD alone (HFD). The LFD reference group continued on the LFD until the end of the 
study. Ac‑YVAD‑cmk treatment did not affect food intake (average food intake during 
treatment period: 12.5±0.3 kcal/mouse/day in HFD, 11.9±0.8 kcal/mouse/day in 
HFD+YVAD, n.s.), HFD-induced body weight gain (Figure 1A), body fat percentage 
(Figure 1B) or dyslipidemia (Supplemental figure 1). Refined histological analysis 
of WAT quality revealed that HFD‑feeding resulted in WAT inflammation in the 
epididymal depot, as reflected by a clear presence of CLS in this depot specifically 
(Figure 1C). Ac‑YVAD‑cmk treatment reduced (-41%, p<0.05) the presence of CLS 
in epididymal WAT (Figure 1D). This reduction in WAT inflammation was observed 
in absence of an effect of Ac-YVAD-cmk on WAT mass or the distribution of WAT 
mass over the epididymal, mesenteric, or inguinal depots (Supplemental figure 2). 

The observed improvement in WAT quality was accompanied by improved 
insulin sensitivity in HFD‑YVAD mice. The HFD-induced increases in fasting glucose 
(Figure 2A) and fasting insulin levels (Figure 2B) were significantly reduced in 
HFD-YVAD mice (absolute blood glucose and plasma insulin levels are shown 
in Supplemental  figure 3). An ipGTT performed at t=20w (after 11 weeks of 
treatment) further confirmed these beneficial effects (Figure 2C-D, showing the 
delta changes in glucose and insulin post-injection). In HFD mice, the glucose 
injection resulted in a rapid increase in blood glucose, with peak levels reached 
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after 15 min (17.8±1.4 mM), after which they gradually decreased to 12.3±0.8 mM 
at 120 min post-injection. This glucose response was slightly more pronounced 
than that of LFD mice. In HFD‑YVAD, the increase in blood glucose was much slower 
and the peak was not reached until 60 min post-injection (15.7±1.2 mM), after 
which it decreased to 9.9±0.8 mM at t=120  min. The area under the curve did 
not differ significantly between HFD and HFD‑YVAD animals (not shown). While 
LFD mice needed only a slight increase in insulin to clear the glucose, the glucose 
injection triggered a strong and rapid insulin response in HFD mice, with plasma 
insulin levels increasing from 14.3±3.3 ng/ml at baseline, to 23.8±6.7 ng/ml at 15 
min after the injection. From t=15 min onward, plasma insulin levels then gradually 
declined back to baseline levels (15.1±5.0 ng/ml). Remarkably, HFD-YVAD mice 
showed no insulin response to the injected glucose, with insulin levels remaining 

Figure 1. Effects of caspase-1 inhibition on high-fat diet-induced body weight, adiposity, 
and adipose tissue inflammation. LDLr-/-.Leiden mice were fed a high-fat diet for 21 weeks 
(HFD; n=15) or HFD + caspase 1 inhibitor Ac-YVAD-cmk (40 mg/kg daily) starting treatment 
after 9 weeks of HFD (HFD+YVAD; n=15). Low-fat diet (LFD)-fed mice (n=15) were included as 
a reference. A: HFD-feeding significantly induced body weight relative to LFD, which was not 
affected by caspase-1 inhibition. B:  Body fat percentage was induced by HFD and was not 
affected in HFD+YVAD mice. C: HFD induced pronounced adipose tissue inflammation specifically 
in the epididymal depot, which tended to be reduced in HFD+YVAD mice. D: representative 
photomicrographs of HPS-stained epididymal adipose tissue sections. All data are from the t=21 
weeks time point and are mean±SEM. * p<0.05, *** p<0.001 compared with HFD.
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comparable to baseline levels for the duration of the GTT. Together, these data 
indicate improved glucose tolerance and insulin sensitivity in Ac-YVAD-cmk-treated 
mice.

Figure 2. Effects of caspase-1 inhibition on fasting glucose and insulin and glucose tolerance. 
LDLr‑/-.Leiden mice were fed a high-fat diet for 21 weeks (HFD; n=15) or HFD + caspase 1 
inhibitor Ac-YVAD-cmk (40 mg/kg daily) starting treatment after 9 weeks of HFD (HFD+YVAD; 
n=15). Low-fat diet (LFD)-fed mice (n=15) were included as a reference. (A) HFD-induced 
increases in fasted blood glucose relative to treatment start (t=9 weeks) were reduced in 
HFD+YVAD. (B) HFD-induced increases in fasted plasma insulin relative to treatment start (t=9 
weeks) were reduced in HFD+YVAD. (C) The glucose response to an intraperitoneal glucose 
tolerance test (ipGTT; performed at t=20 weeks) was modified by caspase-1 inhibition. (D) 
HFD mice showed a clear insulin response during the ipGTT, while HFD+YVAD mice showed no 
response in plasma insulin. Data are mean±SEM. * p<0.05, ** p<0.01, *** p<0.001 compared 
with HFD.
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Caspase-1 inhibition improves hepatic steatosis

To investigate whether these improvements in glucose handling are accompanied 
by an effect on the development of hepatic steatosis, we analyzed liver cross-
sections (Figure 3A) using an adapted scoring system for human NASH [16]. We 
observed pronounced hepatic steatosis in HFD-fed animals, with 48.5±5.6 % 
of hepatocytes affected by macrovesicular steatosis (Figure 3B) and 40.0±5.4 % 
affected by microvesicular steatosis (Figure 3C). Though treatment with Ac-YVAD-
cmk did not affect development of macrovesicular steatosis (54.5±3.6 %, Figure 3B), 
microvesicular steatosis was significantly reduced (27.8±5.6 %, p<0.01, Figure 3C) 
in livers of HFD-YVAD mice compared with HFD mice. Liver lipid analysis by HPTLC 
revealed that Ac-YVAD-cmk treatment tended to reduce the accumulation of 
triglycerides in the liver (233.2±10.0 µg/mg liver protein in HFD, 205.3±13.8 µg/
mg liver protein in HFD-YVAD, p=0.08, Figure  3D), while the accumulation of 
cholesterol (in both free- and esterified form) was not affected by the treatment 
(Supplemental figure 4).

Caspase-1 inhibition reduces hepatic inflammation

In addition to the observed reduction in hepatic steatosis, Ac-YVAD-cmk had a strong 
effect on plasma ALAT, a marker of hepatocellular damage (HFD: 390.5±16.4 U/l, HFD-
YVAD: 237.0±35.7 U/l, p<0.05, Figure 4A). To investigate whether this was reflected 
by a reduction in NASH development, we next analyzed hepatic inflammation, a 
defining characteristic of NASH that can be observed histologically as the presence 
of inflammatory cell foci. Analysis of the number of these inflammatory cell foci 
showed marked lobular inflammation in HFD mice (3.6±0.6 foci per 100x field, 
Figure  4B), while Ac-YVAD-cmk treatment strongly reduced (-51%) the number of 
these inflammatory cell clusters (1.8±0.3 foci per 100x field, p<0.01, Figure 4B). As 
hepatic gene expression analysis for the macrophage marker Emr1 (F4/80) indicated 
that this anti-inflammatory effect of Ac-YVAD-cmk was not due to an effect on 
macrophages (Figure 4C) we next investigated whether Ac‑YVAD-cmk may have an 
effect on neutrophilic cells, the influx of which is considered a hallmark of human 
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NASH [22,26,27]. Immunohistochemical staining for the neutrophil marker 
myeloperoxidase showed distinct presence of neutrophils in HFD animals, 
which was clearly reduced in HFD-YVAD mice (Figure 4D), as is also evident from 
the quantification of the number of MPO-positive inflammatory foci per field 
(Figure 4E). In line with these results, we observed a profound reduction (43%) in 
the mRNA levels of the pro-inflammatory cytokine Tnfa (TNF-α) in HFD‑YVAD mice 
(1.0±0.14 in HFD, 0.6±0.06 in HFD-YVAD, p<0.05, Figure 4F). 

Figure 3. Effects of caspase-1 inhibition on hepatic steatosis. LDLr-/-.Leiden mice were fed a 
high-fat diet for 21 weeks (HFD; n=15) or HFD + caspase 1 inhibitor Ac-YVAD-cmk (40 mg/kg 
daily) starting treatment after 9 weeks of HFD (HFD+YVAD; n=15). Low-fat diet (LFD)-fed mice 
(n=15) were included as a reference. (A) representative photomicrographs of H&E stained liver 
sections. (B) Macrovesicular steatosis did not differ between groups. (C) HFD feeding induced 
pronounced microvesicular steatosis, which was reduced in HFD+YVAD. (D) HFD-induced 
hepatic triglycerides tended to be reduced in HFD+YVAD. All data are from the t=21 weeks 
time point and are mean±SEM. ** p<0.01 compared with HFD.
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Figure 4. Effects of caspase-1 inhibition on hepatic inflammation. LDLr-/-.Leiden mice were 
fed a high-fat diet for 21 weeks (HFD; n=15) or HFD + caspase 1 inhibitor Ac-YVAD-cmk (40 mg/
kg daily) starting treatment after 9 weeks of HFD (HFD+YVAD; n=15). Low-fat diet (LFD)-fed 
mice (n=15) were included as a reference. (A) HFD-induced plasma alanine aminotransferase 
(ALAT) was reduced in HFD+YVAD. (B) Lobular inflammation (number of inflammatory foci per 
100x field) was induced by HFD, this induction was prevented by Ac-YVAD-cmk treatment. (C) 
F4/80 mRNA expression did not differ between groups. (D) Representative photomicrographs 
of immunohistochemical analysis of MPO-positive neutrophils. (E) Quantification of the 
number of MPO-positive inflammatory foci (per 100x field) revealed a clear induction in HFD, 
which was not apparent in YVAD. (F) Hepatic Tnf-α mRNA was reduced in HFD+YVAD. All data 
are from the t=21 weeks time point and are mean±SEM. * p<0.05, ** p<0.01, *** p<0.001 
compared with HFD.
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Caspase-1 inhibition reduces hepatic fibrosis

As hepatocellular damage and hepatic inflammation are thought to drive the 
development of hepatic fibrosis, we next questioned whether Ac-YVAD-cmk treatment 
may also reduce fibrosis development. Picro-sirius red staining for collagen content 
revealed presence of periportal and pericellular fibrosis without bridging in HFD, 
which was attenuated by Ac-YVAD-cmk (Figure 5A). Automated quantification of the 
area stained positively for collagen showed a strong reduction in the total fibrotic area 
(‑65%) in HFD-YVAD mice compared with HFD (1.14±0.28 in HFD, 0.40±0.04 in HFD-
YVAD, p<0.05, Figure 5B). The pathologist-assessed percentage of pericellular fibrosis 
specifically was also lower in HFD-YVAD, although this effect was not statistically 
significant (1.4±0.57 in LFD, 2.3±0.73 in HFD, 1.3±0.51 in HFD-YVAD, p=0.14 for HFD-
YVAD compared with HFD). Hepatic gene expression analysis of Col1a1 confirmed the 
observed effect on hepatic collagen deposition (1.80±0.36 in HFD, 0.68±0.17 in HFD-
YVAD, 62% reduction, p<0.01, Figure 5C). Consistently, we observed a marked reduction 
(49%) in expression of the stellate cell activation marker Acta2 (αSMA) (1.65±0.23 in 
HFD, 0.84±0.09 in HFD-YVAD, p<0.01, Figure 5D). Collectively, these data indicate that 
therapeutic intervention with Ac-YVAD-cmk attenuates hepatocellular inflammation 
and activation of the primary collagen-producing cell type in the liver.

Discussion

A growing body of evidence supports an important role for NLRP3 inflammasome 
activation in the development of obesity-related diseases such as insulin 
resistance/T2D and NASH. However, the potential therapeutic value of inhibitors 
of the inflammasome/caspase-1 to treat NASH remains unclear. Here we show 
that intervention with the caspase-1 inhibitor Ac-YVAD-cmk reduces development 
of NASH and associated fibrosis. Importantly, efficacy of Ac‑YVAD‑cmk was 
demonstrated in mice with established obesity-associated hypertriglyceridemia, 
hypercholesterolemia, hyperglycemia, and hyperinsulinemia.

We found that treatment with Ac-YVAD-cmk substantially retarded the 
progression of NAFLD, with reductions in hepatic steatosis, inflammation and 
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fibrosis. In accordance with our observations, others have reported that genetic 
deletion of caspase-1 reduces HFD-induced hepatic triglyceride levels and lipogenic 
gene expression (Pparg, Srebp1c, Acc, Scd1) [14] and deletion of NLRP3 attenuates 
HFD-induced hepatic steatosis with increased expression of fatty acid oxidation 
regulators [28]. Furthermore, deletion of caspase-1 was shown to reduce intestinal 
triglyceride absorption after an oral lipid load, with consequent reductions in the 
uptake and incorporation of these intestinally-derived triglycerides into peripheral 
tissues [29]. Together, these effects on hepatic lipid metabolism and intestinal lipid 

Figure 5. Effects of caspase-1 inhibition on hepatic fibrosis. LDLr-/-.Leiden mice were fed a 
high-fat diet for 21 weeks (HFD; n=15) or HFD + caspase 1 inhibitor Ac-YVAD-cmk (40 mg/
kg daily) starting treatment after 9 weeks of HFD (HFD+YVAD; n=15). Low-fat diet (LFD)-fed 
mice (n=15) were included as a reference. (A) Representative photomicrographs of Picro-Sirius 
Red stained liver sections show hepatopericellular fibrosis in HFD animals which is reduced in 
HFD+YVAD. (B) Quantification of positively-stained area in Picro-Sirius red stained liver sections 
show a clear induction of fibrosis in HFD which is reduced in HFD+YVAD. (C) Col1a1 mRNA 
expression is reduced in HFD+YVAD. (D) mRNA expression of hepatic stellate cell activation 
marker Acta2 (α‑SMA) tended to be induced in HFD and was reduced in HFD+YVAD. All data 
are from the t=21 weeks time point and are mean±SEM. * p<0.05, ** p<0.01 compared with 
HFD.
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uptake may promote a reduction in hepatic steatosis in absence of active caspase-1, 
as observed herein.

Although the effects of Ac-YVAD-cmk treatment on hepatic steatosis in 
the current study were modest, we did observe a strong effect on hepatic 
inflammation. In line with this, Dixon et al. have shown that deletion of caspase-1 
leads to dissociation between hepatic triglyceride levels and inflammatory activity 
[13]. Results from our analysis of hepatic inflammation indicate that the anti-
inflammatory effects of Ac-YVAD-cmk treatment are attributable to an effect on the 
influx of myeloperoxidase-positive neutrophilic cells, without affecting expression 
of the monocyte/macrophage marker F4/80. Consistent with this, others report 
that caspase-1 deficiency does not affect HFD-induced hepatic F4/80 expression 
and suggest that caspase-1 may be of importance in regulating the sensitivity of 
Kupffer cells to activation rather than recruitment and/or proliferation of Kupffer 
cells in the liver [14]. Furthermore, constitutively expressed hyperactive NLRP3 
resulted in severe liver inflammation with many inflammatory foci composed 
predominantly of neutrophils, in absence of an effect on F4/80 expression [15]. 
Together these results indicate that modulation of caspase-1 expression or activity 
primarily influences the influx of neutrophils into the liver, which is considered 
a defining characteristic of human NASH [30]. Since neutrophils have the ability 
to release a potent cocktail of reactive oxygen species and proteases, they are a 
potential cause of extensive tissue damage that may contribute to amplification 
of the inflammatory response and development of hepatic fibrosis [31,32]. More 
specifically, a recent study has shown that neutrophilic myeloperoxidase promotes 
progression of NASH to fibrosis, potentiating oxidative stress, causing hepatocyte 
injury and activating hepatic stellate cells [33]. 

In line with the observed reductions in hepatic inflammation and, more 
specifically, neutrophil infiltration, we observed a reduction in the development of 
hepatic fibrosis in Ac-YVAD-cmk-treated mice. Multiple lines of evidence indicate 
that caspase-1 activation is required and essential for hepatic fibrogenesis. 
Watanabe and colleagues demonstrated that NLRP3 inflammasome activation 
in hepatic stellate cells results in activation of and collagen production by these 
cells [34]. Furthermore, they showed that chemically-induced (with CCl4 or 
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Thioacetamide) hepatic stellate cell activation and liver fibrosis was reduced in 
mice deficient in NLRP3 or the inflammasome adaptor protein ASC. In line with 
this, Dixon et al. have shown reduced hepatic stellate cell activation and collagen 
deposition in Casp1-/- mice fed an MCD diet [13] or a HFD [14]. Similarly, hepatic 
stellate cell activation and collagen deposition was also reduced in NLRP3-/- mice 
on a choline-deficient amino acid-defined diet [12], while mice that express 
constitutively hyperactive NLRP3 showed increased collagen deposition relative to 
wild-type mice [15]. Altogether these studies indicate that NLRP3 inflammasome 
activation is a generic process that is observed during fibrogenesis across a range 
of different (both chemically- and dietary-induced) models of hepatic fibrosis. Our 
observations of reduced hepatic stellate cell activation and collagen deposition 
further corroborate these observations, and show that therapeutic intervention 
with a caspase-1 inhibitor in the ongoing disease process can reduce development 
of hepatic fibrogenesis. 

Since obesity-associated insulin resistance is thought to play a causal role in the 
pathogenesis of NASH [35], we studied the effects of caspase-1 inhibition in the 
LDLr-/-.Leiden model, which develops NAFLD in the context of insulin resistance. 
We found that treatment with Ac-YVAD-cmk retarded HFD-induced increases in 
fasting plasma glucose and insulin levels. This is in line with findings by others, who 
have shown improved insulin sensitivity in Casp1-/- mice [36,37]. It is thought that 
this effect of caspase-1 on insulin sensitivity may be mediated for a large part by the 
role that caspase-1 plays in expanding WAT. Stienstra et al. [36] demonstrated that 
obesity-induced inflammation originating from expanding WAT is represented by 
inflammasome and caspase-1 activation, which governs adipocyte differentiation 
and insulin sensitivity and contributes to insulin resistance. In vitro studies in 
mature human SGBS adipocytes showed that treatment with the caspase-1 
inhibitor pralnacasan directly enhanced insulin signaling in these cells, indicating 
that caspase-1 activation within adipocytes may have direct detrimental effects 
on insulin sensitivity of these cells. These effects were further substantiated in 
vivo in a proof-of-concept experiment in which ob/ob mice were treated with 
pralnacasan for two weeks [36], showing that caspase-1 inhibition can improve 
insulin sensitivity in vivo.
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Remarkably, we observed no elevation in plasma insulin in Ac-YVAD-cmk-
treated mice during the ipGTT. There are several potential explanations for this 
phenomenon. Firstly, we cannot exclude that insulin levels may have peaked 
between two of the time points of blood sampling, although this seems unlikely 
given the plasma half-life of insulin of around 10 minutes in mice [38]. Secondly, it 
is possible that Ac-YVAD-cmk affected non-insulin-dependent glucose uptake. All 
cell types have the capacity to take up glucose independently of insulin, ensuring 
basal as well as hyperglycemia-promoted supply of glucose. As much as 75% of 
whole-body glucose uptake is considered to be operated through pathways that 
are non-insulin dependent [39], for instance through effects on cell membrane 
fluidity, which is known to influence glucose transporter activity [40]. Thirdly, 
Ac-YVAD-cmk may stimulate proteins and their actions downstream of the insulin 
receptor (at the post-receptor level or in the lower part of the insulin cascade) 
and may thus generate a more efficacious effect with the available insulin [39]. 
The relatively high absolute insulin levels observed in Ac-YVAD-cmk treated mice 
(~11 ng/mL) are in support of this notion. Another possible rationale may be found 
in an effect of Ac-YVAD-cmk on the potency of the insulin molecules themselves 
(either through direct interaction with insulin or indirectly through its effects on 
caspase-1), in a manner similar to that which has been observed for instance for 
the chemokine MIF, which affects insulin conformation and thereby increases 
the potency of insulin molecules [41]. Which of these mechanisms – alone or in 
concert – is responsible for the observed effects merits further investigation.

In the present study, reduced progression of insulin resistance and NAFLD 
development coincided with improvement of WAT inflammation in Ac-YVAD-
cmk-treated animals. This corresponds with findings by others, who have shown 
that absence of caspase-1 reduces macrophage infiltration into WAT and protects 
against HFD-induced WAT inflammation [37]. Inflammation of WAT (i.e. macrophage 
infiltration and CLS formation) is increasingly considered to be a crucial event in 
the development of obesity-associated insulin resistance and NAFLD [42]. Besides 
associative studies demonstrating associations between progressive NAFLD and 
WAT inflammation in obese subjects [43,44], experimental studies have shown that 
obesity-associated inflammation in WAT precedes hepatic inflammation in HFD-fed 



129

Caspase-1 inhibition reduces development of NASH

5

mice [45,46]. Surgical removal of inflamed WAT provided evidence for a causal role 
of inflamed WAT in the progression of NASH [47]. The observed reduction of WAT 
inflammation herein may thus indirectly have contributed to the attenuation of 
NASH development by Ac-YVAD-cmk. 

Overall, we show that intervention with the caspase-1 inhibitor Ac-YVAD-cmk 
improves insulin resistance and retards the progression of NASH and fibrosis 
development in male LDLr-/-.Leiden mice. Data from this study further support the 
importance of inflammasome/caspase-1 in the development of insulin resistance 
and NASH and demonstrate that therapeutic intervention in the already ongoing 
disease process is feasible.
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Supplemental data

Supplementary Figure 1. Effects of caspase-1 inhibition on plasma lipids. LDLr-/-.Leiden 
mice were fed a high-fat diet for 21 weeks (HFD; n=15) or a HFD with caspase 1 inhibitor 
Ac-YVAD-cmk (40 mg/kg daily) starting treatment after 9 weeks of HFD (HFD+YVAD; n=15). 
Low-fat diet (LFD)-fed mice (n=15) were included as a reference. (A) HFD-induced increases 
in plasma cholesterol relative to treatment start (t=9 weeks) were not affected by HFD+YVAD. 
(B) HFD-induced increases in plasma triglycerides relative to treatment start (t=9 weeks) were 
not affected by HFD+YVAD. All data are mean±SEM. * p<0.05, compared with HFD, ** p<0.01 
compared with HFD, *** p<0.001 compared with HFD.

Supplementary Figure 2. Effects of caspase-1 inhibition on adipose tissue mass. LDLr-/-.Leiden 
mice were fed a high-fat diet for 21 weeks (HFD; n=15) or HFD + caspase 1 inhibitor Ac-YVAD-
cmk (40 mg/kg daily) starting treatment after 9 weeks of HFD (HFD+YVAD; n=15). Low-fat diet 
(LFD)-fed mice (n=15) were included as a reference. Distribution of fat mass over the inguinal, 
mesenteric and epidydimal depots was not affected by HFD+YVAD. All data are mean±SEM. 
* p<0.05, compared with HFD, *** p<0.001 compared with HFD.
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Supplementary Figure 3. Eff ects of caspase-1 inhibiti on on blood glucose and plasma insulin. 
LDLr-/-.Leiden mice were fed a high-fat diet for 21 weeks (HFD; n=15) or HFD + caspase 1 inhibitor 
Ac-YVAD-cmk (40 mg/kg daily) starti ng treatment aft er 9 weeks of HFD (HFD+YVAD; n=15). Low-
fat diet (LFD)-fed mice (n=15) were included as a reference. (A) Blood glucose levels were not 
signifi cantly aff ected by Ac-YVAD-cmk treatment. (B) Ac-YVAD-cmk treatment tended to reduce 
plasma insulin levels. All data are mean±SEM. ** p<0.01, *** p<0.001 compared with HFD.

Supplementary Figure 4. Eff ects of caspase-1 inhibiti on on hepati c cholesterol. LDLr-/-.Leiden 
mice were fed a high-fat diet for 21 weeks (HFD; n=15) or HFD + caspase 1 inhibitor Ac-YVAD-
cmk (40 mg/kg daily) starti ng treatment aft er 9 weeks of HFD (HFD+YVAD; n=15). Low-fat 
diet (LFD)-fed mice (n=15) were included as a reference. (A) Ac-YVAD-cmk treatment did not 
aff ect intrahepati c free cholesterol levels. (B) Hepati c cholesteryl esters were not aff ected in 
HFD+YVAD. All data are mean±SEM. 
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Abstract

Background and aims: As dietary saturated fatty acids are associated with 
metabolic and cardiovascular disease, a potentially interesting strategy to reduce 
disease risk is modification of the quality of fat consumed. Vegetable oils represent 
an attractive target for intervention, as they largely determine the intake of dietary 
fats. Furthermore, besides potential health effects conferred by the type of fatty 
acids in a vegetable oil, other minor components (e.g. phytochemicals) may also 
have health benefits. Here, we investigated the potential long-term health effects 
of isocaloric substitution of dietary fat (i.e. partial replacement of saturated by 
unsaturated fats), as well as putative additional effects of phytochemicals present 
in unrefined (virgin) oil on development of non-alcoholic fatty liver disease (NAFLD) 
and associated atherosclerosis. For this, we used pumpkin seed oil, because it is 
high in unsaturated fatty acids and a rich source of phytochemicals.

Methods: ApoE*3Leiden mice were fed a Western-type diet (CON) containing cocoa 
butter (15% w/w) and cholesterol (1% w/w) for 20 weeks to induce risk factors 
and disease endpoints. In separate groups, cocoa butter was replaced by refined 
(REF) or virgin (VIR) pumpkin seed oil (comparable in fatty acid composition, but 
different in phytochemical content).

Results: Both oils improved dyslipidemia, with decreased (V)LDL-cholesterol and 
triglyceride levels in comparison with CON, and additional cholesterol-lowering 
effects of VIR over REF. While REF did not affect plasma inflammatory markers, VIR 
reduced circulating serum amyloid A and soluble vascular adhesion molecule-1. 
NAFLD and atherosclerosis development was modestly reduced in REF, and VIR 
strongly decreased liver steatosis and inflammation as well as atherosclerotic lesion 
area and severity.

Conclusions: Overall, we show that an isocaloric switch from a diet rich in saturated 
fat to a diet rich in unsaturated fat can attenuate NAFLD and atherosclerosis 
development. Phytochemical-rich virgin pumpkin seed oil exerts additional anti-
inflammatory effects resulting in more pronounced health effects.
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Introduction

Cardiometabolic diseases such as non-alcoholic fatty liver disease (NAFLD) and 
cardiovascular disease (CVD) constitute a major health burden in modern societies. 
Accumulating evidence suggests that NAFLD, besides increasing liver morbidity 
and mortality, is associated with development of atherosclerosis, the major 
underlying pathology of CVD [1]. As dyslipidemia and chronic inflammation are 
recognized to drive the development of NAFLD as well as atherosclerosis [2-4], 
dietary regimens that influence one or both of these risk factors may be of great 
preventive and possibly even therapeutic benefit. Support for this concept comes 
from epidemiological and experimental studies that show that the type of dietary 
fat consumed plays an important role in the development of both NAFLD and 
associated CVD (reviewed in [5,6]). Therefore, a potentially interesting strategy to 
reduce cardiometabolic risk is a modification of the quality of fat in diets. This is 
further supported by results from a recent systematic review indicating that partial 
replacement of saturated fat by unsaturated fat may reduce CVD risk [7].

The daily intake of dietary fats is largely determined by vegetable oils, which 
makes them an attractive target for intervention. The more so, since besides 
potential health effects conferred by the type of fatty acids in a vegetable oil, other 
minor components of an oil (e.g. phytochemicals) may also significantly contribute 
to cardiometabolic health. Typically, vegetable oils are consumed in their fully 
refined form that consists almost exclusively of triglycerides. Virgin oils on the other 
hand, the completely unrefined first press form of an oil, are rich in a collection 
of phytochemicals (e.g. vitamins E and K, phytosterols and polyphenols) that may 
influence the critical risk factors dyslipidemia as well as inflammation [8,9].

Herein we investigated the potential long-term health effects of substitution 
of dietary saturated fat by unsaturated fat from refined oil, as well as putative 
additional effects of the unrefined counterpart rich in phytochemicals (virgin oil). 
For this, we used pumpkin seed oil, because it is high in unsaturated fatty acids 
(about 80%) and known to contain large amounts of phytochemicals [10,11]. In 
short-term studies, pumpkin seed oil has been shown to reduce surrogate markers 
of liver health [12] and improve dyslipidemia [13-15]. However, potential anti-
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inflammatory properties have not been examined and its effects on cardiometabolic 
disease endpoints are unknown.

The ApoE*3Leiden (E3L) mouse is a well-established diet-inducible model for 
NAFLD [16] and atherosclerosis [17]. The model develops human-like dyslipidemia, 
inflammation and disease endpoints in response to a well-defined Western-type 
diet, containing cocoa butter (±60% saturated fat) as the major fat source [17,18]. 
This diet also contains cholesterol (1% w/w), which is required for induction of 
dyslipidemia, inflammation and disease endpoints [16,18,19]. Groups of E3L mice 
were fed the Western-type control diet (CON) or pumpkin seed oil-substituted 
diets, REF (refined oil) and VIR (virgin oil) for 20 weeks, all of which contained 1% 
cholesterol. The refined and virgin pumpkin seed oils were comparable in fatty 
acid profile but differed in phytochemical content. This allowed us to define the 
health effects of refined pumpkin seed oil, as well as the additional effects of the 
phytochemicals present in its unrefined counterpart. Plasma lipids and markers of 
inflammation were monitored over time and NAFLD and atherosclerosis endpoints 
were scored according to established human grading systems [20-22]. Results 
from this study indicate that an isocaloric switch from a diet rich in saturated 
fat to a diet rich in unsaturated fat has beneficial effects on risk factors, and that 
phytochemical-rich virgin oil has additional anti-inflammatory properties and more 
strongly reduces disease endpoints.

Materials and Methods

All animal experiments were approved by an independent Ethical Committee 
on Animal Care and Experimentation (DEC-Zeist, the Netherlands) and were 
in compliance with European Community specifications regarding the use of 
laboratory animals. Female ApoE*3Leiden transgenic (E3L) mice were obtained 
from the breeding facility of TNO Metabolic Health Research, Leiden, the 
Netherlands, and were characterized for expression of human APOE by ELISA. 12-
week old E3L mice were matched into 3 groups based on plasma cholesterol and 
triglycerides. All animals were group-housed (3-4 mice per cage) in the SPF animal 
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facility of TNO Metabolic Health Research, in a temperature-controlled room on a 
12 hour light/dark cycle and had free access to food and water. Diets were based 
on a standardized atherogenic Western-type diet (WTD) that contains 15% cocoa 
butter, 1% corn oil, 40.5% sucrose, 20% acid casein, 10% corn starch and 6.2% 
cellulose (all w/w; diet-T; AB-Diets, Woerden, the Netherlands), supplemented with 
1% (w/w) cholesterol (Sigma-Aldrich, Zwijndrecht, the Netherlands). Control mice 
(CON, n=18) were fed this standard WTD, while the treatment groups received the 
WTD with 9% (w/w of total diet) of the cocoa butter replaced by either 9% refined 
pumpkin seed oil (REF, n=15; Bunge Ltd., White Plains, USA) or 9% virgin pumpkin 
seed oil (VIR, n=15; Bunge Ltd). As the cholesterol in this diet is required to induce 
inflammation and dyslipidemia [16,18,19], the cholesterol concentration was the 
same (1%) in all three groups.

Detailed methods of the analysis of the composition of the cocoa butter and 
pumpkin seed oils are described in Supplement 1. Briefly, the fatty acid composition 
was determined by gas chromatography, the total phenolic content was determined 
spectrophotometrically by the Folin-Ciolcalteau method, and individual phenolic 
content of the pumpkin seed oils was determined by LC-QTOF-MS.

Food intake was measured per cage (3-4 mice per cage) every 4 weeks, expressed 
as the average food intake per mouse per day. The energy content of the diets was 
determined by bomb calorimetry. Blood samples were collected from the tail vein 
after a 4h fasting period for EDTA plasma isolation at week 0, 3, 6, 12 and 20 of 
the study. Total plasma cholesterol and triglyceride levels were measured in these 
fasted plasma samples by commercially available enzymatic assays (cholesterol 
CHOD-PAP 11491458 and triglycerides GPO-PAP 11488872, Roche, Woerden, 
The Netherlands). For lipoprotein profile analysis, pooled plasma samples were 
fractionated using an ÅKTA fast protein liquid chromatography system (Pharmacia, 
Roosendaal, the Netherlands) and analyzed as reported [23]. Plasma levels of soluble 
vascular adhesion molecule 1 (sVCAM-1; R&D Systems, Abingdon, UK) and serum 
amyloid A (SAA; Life Technologies, Bleiswijk, the Netherlands) were determined by 
ELISA. ALAT and ASAT levels were measured in serum (unfasted sample from terminal 
blood, specified below) using a spectrophotometric activity assay (Reflotron Plus 
system, Roche). After 20 weeks of dietary treatment, mice were sacrificed by CO2 
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asphyxiation and blood was collected via cardiac puncture for serum collection 
(unfasted). Hearts and livers were collected, and fixed in formalin and embedded in 
paraffin for atherosclerosis analysis (heart) and NAFLD analysis (liver).

Histological analysis of NAFLD and atherosclerosis development

For NAFLD analysis, 3 µm liver sections (medial lobe) were stained with hematoxylin 
and eosin and analyzed blindly using an adapted scoring method for human NAFLD 
[20,24]. Briefly, steatosis was expressed as the percentage of the total liver cross 
section affected by microvesicular steatosis or macrovesicular steatosis. Hepatic 
inflammation was analyzed by counting the number of inflammatory foci per 
section at a 100× magnification.

Atherosclerosis was analyzed blindly in 4 serial cross sections (5 µm, at 50 µm 
intervals) of the valve area of the aortic root. Cross sections were stained with 
hematoxylin-phloxine-saffron (HPS) for morphometric analysis of lesion number 
and area (using cell^D software, version 2.7; Olympus Soft Imaging Solutions, 
Hamburg, Germany) and analysis of lesion severity. Lesion severity was scored 
according to the classification of the American Heart Association (AHA) [21,22]. 
This scoring system was used to distinguish five lesion types: Type I (early fatty 
streak): up to ten foam cells in the intima, no other changes; Type II (regular 
fatty streak): ten or more foam cells in the intima, no other changes; Type III 
(mild plaque): foam cells in the intima with presence of a fibrotic cap; Type IV 
(moderate plaque): progressive lesion, infiltration into media, elastic fibers intact; 
Type V (severe plaque): structure of media severely disrupted with fragmented 
elastic fibers, cholesterol crystals, calcium deposits and necrosis may be present. 
The lesional macrophage content was assessed by immunohistochemical staining 
of MAC-3 (CD107b) positive cells (purified rat anti-mouse CD107b antibody, BD 
Biosciences, Breda, the Netherlands) in cross-sections adjacent to those used for 
the atherosclerosis analysis. The MAC-3 positive area for each individual plaque 
was measured using an automated macro in the image processing software ImageJ 
(version 1.48, NIH, Bethesda, MD, USA; [25]) and expressed as the percentage of 
total plaque area that was positively stained for MAC-3. The number of lesions 
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was counted in 4 cross sections and expressed as the average per cross-section. 
Furthermore, the number of lesion-free (undiseased) segments was counted and 
expressed as a percentage of the total number of segments (N.B. each aortic cross-
section is divided into 3 segments that are demarcated by the aortic valves, making 
a total of 12 segments analyzed per mouse).

Hepatic gene expression analyses

Total RNA was extracted from liver tissue using RNA Bee Total RNA Isolation Kit 
(Bio-Connect, Huissen, the Netherlands). Spectrophotometric analysis of RNA 
concentration was performed using Nanodrop 1000 (Isogen Life Science, De 
Meern, the Netherlands) and quality of RNA was assessed using a 2100 Bioanalyzer 
(Agilent Technologies, Amstelveen, the Netherlands). cDNA was synthesized using 
a High Capacity RNA-to-cDNA™ Kit (Life Technologies, Bleiswijk, The Netherlands). 
Hepatic gene expression analyses were performed by RT-PCR on a 7500 Fast Real-
Time PCR System (Applied Biosystems by Life Technologies) using TaqMan® Gene 
Expression Assays (Life Technologies). Transcripts were quantified using TaqMan® 
Gene Expression Assays (Life Technologies) and the following primer/probe-sets for 
Srebf1 (Mm00550338_m1), Fasn (Mm00662319_m1), Dgat1 (Mm00515643_m1), 
Ppara (Mm00440939_m1), Cpt1a (Mm01231183_m1), Acox1 (Mm00443579_m1), 
Ccl2 (Mm00441242_m1), Tnf (Mm00443258_m1), Il1b (Mm00434228_m1) and 
the endogenous controls Hprt (Mm00446968_m1) and Ppif (Mm01273726_m1). 
Changes in gene expression were calculated using the comparative Ct (ΔΔCt) 
method and expressed as fold-change relative to CON.

Hepatic lipid analysis

Lipids were extracted from liver homogenates using the Bligh and Dyer method 
[26] and separated by high performance thin layer chromatography (HPTLC) on 
silica gel plates as described previously [27]. Lipid spots were stained with color 
reagent (5g MnCl2⋅4H2O, 32ml 95–97% H2SO4 added to 960ml CH3OH:H2O 1:1 v/v) 
and triglycerides, cholesteryl esters and free cholesterol were quantified using 
TINA version 2.09 software (Raytest, Straubenhardt, Germany).
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Statistical analyses

All data are presented as mean±SEM. Statistical analyses were performed using SPSS 
software (version 22, IBM, Armonk, USA). For normally distributed variables, significance 
of differences between groups was tested by one-way ANOVA, followed by Fisher’s 
Least Significant Difference (LSD) Post-Hoc Test. In case of heterogeneity between 
groups, variables were analyzed by ANOVA using Brown-Forsythe for differences 
between groups followed by Dunnett’s T3 Post-Hoc Test. Non-normally distributed 
variables were tested by non-parametric Kruskal-Wallis test followed by Mann-Whitney 
U tests. To test the hypothesis that both pumpkin seed oils may have beneficial effects 
relative to control and that the virgin oil may have additional beneficial effects over its 
refined counterpart, a one-sided p-value≤0.05 was considered statistically significant.

Results

The refined and virgin pumpkin seed oils used in this study were comparable in fatty 
acid composition (Table 1). Both oils contained 81% unsaturated fatty acids, most 
of which consisted of linoleic acid (C18:2n-6, 64%) and oleic acid (C18:1n-9, 17%). 
The virgin oil contained more phytochemicals than its refined counterpart (Table 2). 
Virgin pumpkin seed oil was rich in benzoic acid, vanillic acid, ferulic acid, rutin and 
p-coumaric acid, many of which were below the detection limit in the refined oil. 
Overall, the total phenolic content was 7.7-fold higher in the virgin oil than in the 
refined oil.

To investigate potential health effects of these oils on NAFLD and atherosclerosis, 
E3L mice were fed a standardized Western type control diet (CON) or the same 
diet substituted with 9% (w/w) refined pumpkin seed oil (REF) or 9% (w/w) virgin 
pumpkin seed oil (VIR) for 20 weeks. All diets contained 1% (w/w) cholesterol and 
were comparable in energy content as quantified by bomb calorimetry (CON: 20.2 
kJ/g, REF: 20.0 kJ/g and VIR: 20.4 kJ/g) and food intake was comparable between 
groups (Supplemental Figure 1). The treatments were well tolerated and body weight 
increased slightly over time (percentage body weight gain relative to t=6: CON: 
12.3±1.3%, REF: 8.9±1.8%, VIR: 11.1±1.6%, n.s.) in all groups (Supplemental Figure 1).
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Table 1. Fatty acid composition of cocoa butter and refined and virgin pumpkin seed oil.
Cocoa 
butter

Refined pumpkin 
seed oil

Virgin pumpkin 
seed oil

Poly-unsaturated fatty acids (% of total) 2.8 64.4 64.0
C18:2 Linoleic acid (n-6) 2.7 64.1 63.9
C18:3 alpha-Linolenic acid (n-3) 0.1 0.3 0.1
Mono-unsaturated fatty acids (% of total) 33.0 17.0 17.8
C18:1 Oleic acid 32.8 16.6 17.1
C16:1 Palmitoleic acid 0.2 0.3 0.2
C20:1 Eicosanoic acid n.d. 0.1 0.4
Saturated fatty acids (% of total) 63.7 18.0 18.1
C16:0 Palmitic acid 26.7 12.8 12.8
C18:0 Stearic acid 35.7 4.5 4.5
C20:0 Arachidic acid (Eicosanoic acid) 1.0 0.3 0.3
C22:0 Behenic acid (Docosanoic acid) 0.2 0.2 0.2
C14:0 Myristic acid (Tetradecanoic acid) 0.1 0.1 0.1
C24:0 Lignoceric acid (Tetracosanoic acid) n.d. 0.1 0.1
Trans fatty acids (% of total) n.d. 0.7 0.2
C18:2T Trans linoleic acid n.d. 0.7 0.2

n.d. = not detected

Table 2. Phytochemical content of cocoa butter and refined and virgin pumpkin seed oil
Cocoa 
butter

Refined pumpkin 
seed oil

Virgin pumpkin 
seed oil

Tocopherols (ppm) 246 386 577
Tocotrienols (ppm) 7 123 121
Vitamin K (µg/100g) 3.5 52.3 68.0
Total phenolic content (mg gallic acid/kg oil) 8.3 3.6 27.7
Benzoic acid (µM) n.d. 0.1 19.3
p-coumaric acid (nM) n.d. n.d. 200
Vanillic acid (nM) 791 n.d. 300
Ferulic acid (nM) n.d. n.d. 300
Rutin (nM) n.d. n.d. 4
Isomer of 3-hydroxybenzoic acid (nM) n.d. 50 8000
Isomer of protocatechuic acid (nM) n.d. n.d. 700
Isomer of caffeic acid (nM) n.d. n.d. 60
Isomer of ferulic acid (nM) 456 30 100
Isomer of naringenin (nM) 162 n.d. 2100
Isomer of 4-hydroxyphenylpropionic (nM) 522 10 700

n.d. = not detected, Tocopherols = sum of α, β, γ and δ (δ was n.d.). Tocotrienols = sum of α, 
γ and δ.
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Both pumpkin seed oils improve dyslipidemia, with additional beneficial effects of 
virgin oil over refined oil

Plasma cholesterol levels rose rapidly in CON animals within the first 3 weeks and 
remained relatively stable until the end of the study (Figure 1A) with an average of 
19.20±0.39 mM. Both REF and VIR animals had significantly lower fasting plasma 
cholesterol levels compared with CON at all time points (Figure 1A). Area under the 
curve (AUC) analysis of the plasma cholesterol levels throughout the study period 
showed a significantly lower AUC for cholesterol in VIR (293.6±13.6 AU), than in 
REF (328.8±7.0 AU, p≤0.05, Figure 1B), indicating additional cholesterol-lowering 
properties of VIR. These cholesterol-lowering effects were mainly confined to 
the VLDL-sized particles (Figure 1C). In CON animals, fasting plasma triglycerides 
remained at a stable and elevated level during the study (average 2.67±0.09 
mM, (Figure 1D). Both pumpkin seed oils decreased fasting plasma triglyceride 
levels within the first 3 weeks of the study and levels remained stable at this low 
level thereafter (average REF 1.79±0.08 mM, average VIR 1.63±0.07 mM, Figure 
1D). Overall, VIR treatment did not have additional beneficial effects on plasma 
triglyceride levels relative to REF as is also shown by results from the AUC analysis 
for plasma triglyceride levels (Figure 1E). Together, these results indicate that the 
observed lipid-lowering effects are predominantly attributable to the replacement 
of saturated by unsaturated dietary fat.

Virgin pumpkin seed oil reduces circulating markers of liver and vascular 
inflammation

CON diet induced plasma levels of SAA, a marker of liver inflammation, from 
5.65±0.34 μg/ml at t=0 to 10.55±1.21 μg/ml at the end of the study (Figure 2A). 
SAA levels in REF animals were comparable to CON, while VIR attenuated SAA 
induction and plasma levels were significantly lower than CON at t=12 and t=20 
weeks (6.77±0.44 μg/ml at t=20, -36%, p≤0.01, Figure 2A). In line with this effect on 
SAA, serum levels of the hepatocellular damage markers ASAT and ALAT were not 
affected by REF, and VIR significantly reduced both ASAT (p≤0.05) and ALAT levels 
(p≤0.05) (Figure 2B-C). Besides inducing liver inflammation, CON diet also gradually 
induced plasma levels of vascular inflammation marker sVCAM-1 from 2.45±0.09 
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Figure 1. Refined and virgin pumpkin seed oils have beneficial effects on plasma lipids in 
cholesterol-fed ApoE*3Leiden mice. Mice were fed a Western type diet (CON) containing 
cocoa butter (15% w/w of diet) for 20 weeks. The cocoa butter was in part replaced by refined 
pumpkin seed oil (REF) or virgin pumpkin seed oil (VIR) (each 9% w/w of diet). (A) Plasma 
cholesterol levels over the course of the study, showing lower levels in REF and VIR-fed 
animals. (B) Area under the curve analysis (AUC, expressed in arbitrary units; AU) of plasma 
cholesterol levels (t=0 until t=20 weeks) shows additional cholesterol-lowering effect of VIR 
compared with REF. (C) Lipoprotein profile for cholesterol distribution in VLDL, LDL and HDL-
sized particles shows cholesterol-lowering effect mainly confined to VLDL-sized particles. (D) 
Plasma triglycerides over the course of the study were lowered by both REF and VIR. (E) Area 
under the curve analysis of plasma triglyceride levels (t=0 until t=20 weeks) shows a reduction 
by VIR and REF. Data are mean±SEM. * p≤0.05, ** p≤0.01, *** p≤0.001 compared with CON. # 
p≤0.05, ## p≤0.01 for VIR compared with REF.
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μg/ml at t=0 to 4.01±0.12 μg/ml at t=20 weeks (Figure 2D). Levels of sVCAM-1 were 
not affected by REF, but VIR animals showed lower sVCAM-1 throughout the study 
period and this effect reached significance at t=20 weeks (3.47±0.14 μg/ml, ‑14%, 
p≤0.05, Figure 2D). These data show that the phytochemicals in virgin pumpkin 
seed oil are responsible for the observed anti-inflammatory effects on circulating 
liver and vascular inflammation markers.

Virgin pumpkin seed oil attenuates development of NAFLD

Refined pumpkin seed oil reduced liver weight by 12% (CON: 5.9±0.2% of terminal 
body weight, REF: 5.2±0.2%, p≤0.05, Figure 3A) and this effect was even stronger 
in VIR (-19%), with liver weights reduced to 4.8±0.1% of terminal body weight 
(p≤0.01, Figure 3A). Histological examination of the livers from CON animals 
revealed that NAFLD developed in these mice up to the stage of non-alcoholic 
steatohepatitis (NASH). CON mice displayed distinctive morphological hallmarks 
of NASH (pronounced steatosis and lobular infiltration of inflammatory cells) and 
the observed pathology was less severe in REF and VIR animals (representative 
photomicrographs shown in Figure 3C). Quantitative scoring of NAFLD revealed 
that macrovesicular steatosis tended to be lower in REF (-26%, p=0.08) and was 
significantly reduced with VIR (‑45%, p≤0.01) (Figure 3C). Microvesicular steatosis 
was less pronounced in both REF and VIR (-41% and -65%, respectively), but this 
effect did not reach statistical significance (Supplemental Figure 2). Biochemical 
analysis of hepatic lipid levels confirmed the histologically observed anti-steatotic 
effects of the pumpkin seed oils, showing reduced hepatic triglyceride content in 
both REF and VIR (-17%, p≤0.01 and -23%, p≤0.001 respectively, Figure 3D). Hepatic 
cholesterol levels, in both esterified (Figure 3E) and unesterified (Figure 3F) form, 
were affected only in VIR, with slightly but statistically significantly reduced levels 
of these lipid species in this group. Consistent with the observed effects on plasma 
inflammation markers, infiltration of inflammatory cells was moderately lowered by 
REF (-29%, n.s.), while VIR strongly and significantly reduced lobular inflammation 
(‑73%, p≤0.001 vs CON, p≤0.001 vs REF; Figure 3G).
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Figure 2. Virgin pumpkin seed oil reduces circulating markers of inflammation in 
cholesterol-fed ApoE*3Leiden mice. Mice were fed a Western type control diet (CON) or CON 
diet containing 9% refined pumpkin seed oil (REF) or 9% virgin pumpkin seed oil (VIR) for 20 
weeks. (A) Plasma SAA levels were reduced by VIR. Liver damage marker (B) ASAT and (C) ALAT 
were reduced by VIR but not by REF. (D) Plasma sVCAM-1 levels in VIR animals were lower 
throughout the duration of the study. Data are mean±SEM. * p≤0.05, ** p≤0.01 compared 
with CON. # p≤0.05 for VIR compared with REF.
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Figure 3. Virgin pumpkin seed oil attenuates development of NAFLD in cholesterol-fed 
ApoE*3Leiden mice. Mice were fed a Western type control diet (CON) or CON diet containing 
9% refined pumpkin seed oil (REF) or 9% virgin pumpkin seed oil (VIR) for 20 weeks. (A) Liver 
weight (expressed as percentage of terminal body weight) was reduced by REF and VIR. (B) 
Representative photomicrographs of HE-stained liver sections show presence of micro- (grey 
arrows) and macro- (white arrows)vesicular steatosis and inflammatory cell clusters (black 
arrows) in CON-fed animals, which was less pronounced in REF and more strongly reduced 
in VIR. (C) Histological quantitative scoring of macrovesicular steatosis showed significant 
reduction in VIR. (D) Hepatic triglyceride levels (biochemically determined) were reduced in 
both REF and VIR while only VIR significantly reduced (E) hepatic cholesteryl ester content 
and (F) free (unesterified) cholesterol levels. (G) Histological quantification of number of 
inflammatory cell aggregates revealed a significant attenuation of hepatic inflammation by 
VIR. Data are mean±SEM. * p≤0.05, ** p≤0.01, *** p≤0.001 compared with CON. # p≤0.05, ### 
p≤0.001 for VIR compared with REF.
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Atherosclerosis development is reduced with virgin pumpkin seed oil

Atherosclerotic lesion area and number were quantified histologically in the valve 
area of the aortic root. CON diet induced pronounced atherosclerosis with a total 
lesion area of 143765±17286 μm2 per cross-section (Figure 4A-B). The total lesion 
area was reduced with REF (100594±14726 μm2, -30%, p≤0.05, Figure 4A‑B) and 
an even stronger effect was observed in VIR (82766±15164 μm2, -42%, p≤0.01, 
Figure 4A‑B). Refined morphological analysis of lesion severity revealed that 
the atherosclerotic lesion area in CON animals was mostly made up of large and 
advanced lesions (severe lesion types IV and V; Figure 4C). The observed decrease in 
total lesion area with REF and VIR was attributable to a significant reduction in the 
total area of these severe lesions specifically. Furthermore, immunohistochemical 
analysis of lesional macrophage content (MAC-3 positive area) showed that while 
there was no effect of REF or VIR on the macrophage content of mild type III lesions 
(not shown), the macrophage area in type V (severe) lesions was significantly 
reduced by both pumpkin seed oils (Figure 4D). In CON animals, 14.4±3.4% of 
the type 5 lesion area was MAC-3 positive and this was reduced to 6.16±1.26% 
in REF (p≤0.05 compared with CON) and 8.33±3.0% in VIR (p≤0.05 compared with 
CON). A similar, although non-significant, reduction was observed in type IV lesions 
(Supplemental Figure 3). The number of lesions (CON: 3.4±0.24; REF: 2.9±0.36; 
VIR: 2.6±0.21 lesions per cross‑section; Supplemental Figure 3) and the percentage 
of lesion-free aortic segments (CON: 5.6±2.3; REF: 12.2±4.3; VIR: 9.5±3.3%; 
Supplemental Figure 3) were comparable among the groups. However the average 
size per lesion was significantly reduced by both oils (REF: -25%, p≤0.05; VIR: -37%, 
p≤0.01, Figure 4E), altogether indicating an effect on lesion growth rather than on 
the initiation of new lesions.
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Figure 4. Atherosclerosis development is reduced with virgin pumpkin seed oil. Mice were fed 
a Western type control diet (CON) or CON diet containing 9% refined pumpkin seed oil (REF) or 
9% virgin pumpkin seed oil (VIR) for 20 weeks. (A) Representative photomicrographs of HPS-
stained cross sections of the aortic root show pronounced development of atherosclerosis in 
CON animals, which was less pronounced in REF and strongly reduced by VIR. (B) Morphometric 
analysis of lesion area revealed a significant decrease in atherosclerotic lesion area by REF and 
VIR. (C) Anti-atherogenic effects of pumpkin seed oils are specific on severe lesion types. (D) 
Average lesion size was reduced in REF and VIR. (E) Immunohistochemical staining for MAC-3 
(CD107b) followed by quantification of positively stained area showed that both REF and VIR 
reduced the macrophage content of type V lesions. Data are mean±SEM. * p≤0.05, ** p≤0.01 
compared with CON.

Both pumpkin seed oils have beneficial effects on hepatic lipid metabolism while 
only virgin pumpkin seed oil reduces inflammation

To provide insight into the underlying processes modulated by VIR and REF, hepatic 
mRNA expression of genes involved in lipid metabolism and inflammation was 
analyzed. In line with the observed hypolipidemic and anti-steatotic effects of REF 
and VIR, expression of genes involved in lipogenesis was reduced by both pumpkin 
seed oils (Figure 5A). Expression of SREBP-1c (Srebf1), a master transcriptional 
regulator of de novo fatty acid and triglyceride synthesis [28] was reduced 
significantly in both REF (fold-change relative to CON: 0.78±0.03, p≤0.001) and VIR 
(0.89±0.03, p≤0.01). In line with this, the expression of the SREBP-1c target gene 
Fatty acid synthase (Fasn), the main biosynthetic enzyme in fatty acid synthesis 
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[29], was also reduced in both REF (0.57±0.07, p≤0.05) and VIR (0.56±0.09, p≤0.01). 
Expression of Diacylglycerol acyltransferase-1 (Dgat1), which catalyzes the final 
step in triglyceride synthesis [30], was significantly reduced in REF (0.83±0.03, 
p≤0.001), but unaffected in VIR. Together, these results provide indication that the 
de novo synthesis of lipids is reduced in pumpkin seed oil-fed animals.

Furthermore, mRNA expression analysis of genes involved in the catabolism of 
fatty acids (Figure 5B) revealed that pumpkin seed oil, particularly in its virgin form, 
may also stimulate the breakdown of lipids. Expression of Peroxisome proliferator 
activated receptor α (Ppara), the main regulator of β-oxidation [31] was increased 
in both REF (1.27±0.09, p≤0.05) and VIR (1.61±0.11, p≤0.001), with additional 
beneficial effects of VIR over REF (p≤0.05). Carnitine palmitoyl transferase I 
(Cpt1a), which catalyzes the transport of fatty acids into the mitochondria [32] 
was not increased in REF (1.01±0.07) or VIR (1.16±0.06). Expression of Acyl-CoA 
oxidase (Acox1) which catalyzes the first step of β-oxidation [33], was unaffected 
by REF (1.06±0.05), while it was significantly increased in VIR (1.36±0.04, p≤0.001). 
Altogether these results indicate a stimulating effect of VIR on β-oxidation while 
the effects of REF on this process appear to be less pronounced.

Investigation of hepatic inflammatory gene expression (Figure 5C) revealed an 
anti-inflammatory effect of VIR specifically, further strengthening the notion that 
phytochemicals in virgin pumpkin seed oil rather than the fatty acid composition of 
the oil per se are responsible for the observed anti-inflammatory effects. Expression 
of Monocyte chemoattractant protein-1 (Ccl2), which plays an important role in the 
recruitment of myeloid-derived monocytes [34] was not significantly affected by 
REF (0.86±0.12), while it was strongly reduced in VIR (0.59±0.10, p≤0.05). Similarly, 
expression of the pro-inflammatory cytokines Tumor necrosis factor alpha (Tnfa) 
and Interleukin 1 beta (Il1b) was significantly reduced by VIR (0.59±0.08, p≤0.05 
for Tnfa; 0.70±0.06, p≤0.05 for Il1b) but not by REF (0.83±0.11 for Tnfa; 0.96±0.10 
for Il1b) .



Chapter 6

152

Figure 5. Refined and virgin pumpkin seed oils modulate lipid metabolism and inflammatory 
gene expression. Mice were fed a Western type control diet (CON) or CON diet containing 9% 
refined pumpkin seed oil (REF) or 9% virgin pumpkin seed oil (VIR) for 20 weeks. (A) Hepatic 
lipogenic gene expression (Srebf1, Fasn, Dgat1) was reduced in both REF and VIR. (B) Hepatic 
expression of genes involved in fatty acid catabolism (Ppara, Cpt1a, Acox1) was upregulated 
in VIR and to a lesser extent in REF. (C) Only VIR reduced hepatic expression of inflammatory 
genes (Ccl2, Tnf, IL1b). All gene expression data are expressed as fold-change relative to CON. 
Data are mean±SEM. * p≤0.05, ** p≤0.01, *** p≤0.001 compared with CON, # p≤0.05, ### 
p≤0.001 for VIR compared with REF.
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Discussion

In the study described herein, we demonstrate the potential long-term health effects 
of substitution of dietary fat (i.e. replacement of saturated by unsaturated fats), as 
well as putative additional effects of phytochemicals present in unrefined (virgin) oil. 
In a humanized model of disease, we show that both refined and virgin pumpkin seed 
oils markedly improve plasma lipids (cholesterol, triglycerides) and virgin pumpkin 
seed oil also reduced circulating markers of systemic and vascular inflammation. In 
the long run, both pumpkin seed oils attenuated the development of NAFLD and 
atherosclerosis, with a more pronounced effect of VIR in disease prevention.

Several epidemiological studies have shown that the development of NAFLD and 
CVD is associated with the type of dietary fat consumed [5-7]. To mimic diet-related 
long-term disease development in humans, we used the E3L model in which NAFLD 
and CVD are inducible by diet. These mice have a humanized lipoprotein profile, and 
cholesterol feeding results in a moderate elevation of plasma cholesterol (to about 
18-20 mM) and combined development of NAFLD and atherosclerosis. Under the 
experimental conditions employed, lipid and inflammatory risk markers of future 
NAFLD and atherosclerosis are already induced after a few weeks, thus allowing the 
study of interventions on surrogate markers of disease, under conditions relevant for 
humans [17,19,23,35]. Replacement of a part of the cocoa butter by pumpkin seed oil 
markedly diminished the induction of circulating risk factors (cholesterol, triglycerides, 
SAA, sVCAM-1), which is in line with the short-term effects of other pumpkin seed 
oil preparations tested in humans and animals [12,14,15]. As these studies employed 
different pumpkin seed oil preparations at different doses and treatment regimens (in 
capsules or by oral gavage, as an addition to the regular diet), they provide evidence 
for a general health benefit of pumpkin seed oil, independent of how it is prepared and 
administered (i.e. replacement of dietary fat, or on top of regular diet).

In the present study we exchanged a part of the main fat in the CON diet, which 
is cocoa butter (15% w/w of the diet), with pumpkin seed oil (9% w/w of the diet) 
which modifies the quality of fat consumed, without affecting the caloric density of 
the diet. More specifically, the main fatty acids present in cocoa butter are stearic 
acid (C18:0, 35.7%), palmitic acid (C16:0, 26.7%) and oleic acid (C18:1n-9, 32.8%), 
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while linoleic acid (C18:2n-6, 2.7%) is only present in very small amounts. Replacing 
part of this cocoa butter with pumpkin seed oil, primarily increases the intake of 
linoleic acid and reduces the intake of oleic acid and the saturated fatty acids (SFA) 
stearic acid and palmitic acid. Linoleic acid is an essential n-6 poly-unsaturated fatty 
acid (PUFA) that is reported to have beneficial effects on plasma lipids (reviewed in 
[36]), in line with the results described herein. A possible rationale for the observed 
lipid-lowering effects may be found in activation of the transcription factor PPAR-α, 
which is known to be activated more strongly by PUFA than SFA [37]. Activation 
of this master regulator of lipid metabolism reportedly activates beta-oxidation 
in the liver and lowers plasma triglyceride levels as well as LDL cholesterol [38], 
consistent with observed reductions in plasma lipids in the present study. Gene 
expression analyses in the present study revealed an increased expression of PPAR-α 
in both pumpkin seed oil-fed groups, suggesting that transcriptional activity of this 
transcriptional regulator may be increased. Virgin pumpkin seed oil had additional 
effects on the expression and activation (demonstrated by increased expression of 
the PPAR-α target gene Acox1) of PPAR-α relative to the refined oil, indicating that 
phytochemicals present only in the virgin oil may have PPAR-α-activating properties. 
This is in line with findings by others, showing increased PPAR-α and PPAR-α target 
gene expression by tocopherols [39] and various polyphenol-rich mixtures (e.g. Apple 
polyphenols [40], Bilberry extract [41] and Walnut extract [42]). In contrast, there was 
no additional effect of the virgin oil on the reduction of lipogenic gene expression, 
thus indicating that these effects are attributable to the modification of the fatty 
acid composition of the diet, rather than effects of bioactive phytochemicals. More 
specifically, PUFAs are known to suppress SREBP-1c (the dominant transcriptional 
regulator of lipogenic genes) and rates of lipogenesis in rodents [43], in line with the 
effects of the PUFA-enriched pumpkin seed oil diets described herein. Remarkably, 
effects on lipogenic gene expression were more pronounced in the refined oil 
than in the virgin oil, suggesting that phytochemicals present in the virgin oil may 
attenuate these anti-lipogenic effects. Triglyceride and cholesterol-lowering effects 
comparable to those observed herein were also reported in long-term studies in E3L 
mice treated with long-chain PUFAs [44] or a PUFA-rich food supplement [45], as 
well as a pharmacological PPAR‑α activator [23]. Overall, the reductions of plasma 
cholesterol achieved with the pumpkin seed oils are remarkably pronounced (-15% 
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for REF, -24% for VIR). This effect is in the range typically achieved with low-doses of 
hypocholesterolemic drugs such as HMG-CoA reductase inhibitors (statins) in the E3L 
mouse as well as in patients [46,47].

While both pumpkin seed oils had beneficial effects on dyslipidemia, only VIR 
reduced markers of inflammation SAA and sVCAM-1, indicating that minor components 
that are present in VIR but not in REF may have anti-inflammatory properties. These 
anti-inflammatory effects may be conferred by specific phytochemicals, including 
polyphenolic compounds, of which virgin pumpkin seed oil is a rich source. The 
total phenolic content of the VIR preparation used in the present study was 8-fold 
higher than in REF. Polyphenols are widely recognized for their anti-inflammatory 
effects [48-50], and have frequently been reported to be protective against the 
development of NAFLD and cardiovascular disease, both in epidemiological and 
experimental studies [51,52]. Under comparable experimental conditions and in the 
same mouse model, individual polyphenols were found to attenuate atherosclerotic 
lesion progression towards severe lesions [19,35], which is consistent with the 
observed prevention of development of severe, vulnerable atherosclerotic lesions 
with pumpkin seed oil. Pumpkin seed oil contains a complex mixture of polyphenols 
and other bioactive phytochemicals and it is unlikely that observed beneficial effects 
are confined to a single phytochemical or one single mechanism. It is more likely 
that multiple bioactives affect multiple mechanisms (alone or in combination) that 
culminate in the net anti-inflammatory effects observed as has been demonstrated 
with other complex mixtures of bioactives [13,45,53-55].

Replacement of cocoa butter with pumpkin seed oil reduces the intake of 
palmitic acid by 50% (from 4% of total diet to 2% of total diet). Although palmitic 
acid is known to have pro-inflammatory effects on liver cells, the intake of this fatty 
acid was comparable in REF and VIR groups and can thus not explain the marked 
anti-inflammatory effects of VIR. However, it is likely that the increased intake in 
dietary PUFAs and the reduced intake of palmitic acid, as achieved with both oils, 
contributed to the reduction of liver inflammation as a marked (29%) decrease in 
inflammatory cell content was already observed with REF.

Overall, we show that a simple lifestyle modification, i.e. a switch in the type 
of fat consumed without reducing total fat or calorie intake, can make a significant 
contribution to reducing metabolic and cardiovascular disease risk. Partial 
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replacement of the saturated fat-rich cocoa butter with refined pumpkin seed 
oil was sufficient to improve the risk factor dyslipidemia, and affect development 
of NAFLD and atherosclerosis. Additional anti-inflammatory effects, conferred 
by minor components present only in the virgin oil, lead to profound reductions 
in disease endpoints. Importantly, the observed effects were achieved in a 
translational diet-induced disease model, with moderately increased plasma lipids 
and low-grade metabolic inflammation as is typical for high-risk populations in 
humans. Under these conditions, pumpkin seed oil represents a powerful means 
to improve dyslipidemia, and, particularly when used in its virgin form, reduce 
chronic inflammation and prevent long-term disease development.
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Supplemental data

Supplement 1. Detailed material and methods

Extraction of phenolic compounds from pumpkin seed oils

A liquid-liquid extraction (LLE) was used to isolate the phenolic fraction of the 
cocoa butter and pumpkin seed oil samples, both refined and virgin. The extraction 
was carried out following the method described by Suarez et al. [1] with some 
modifications. Briefly, 20 mL of methanol:water (80:20, v/v) was added to 5 g of oil 
and homogenized for 2 min with a Ultraturrax (IKA Labortechnik). After that, two 
phases were separated by centrifugation at 637×g for 10min and the hydroalcoholic 
phase was transferred to a balloon. This step was repeated twice and the extracts 
were combined in the balloon. Then, the hydroalcoholic extracts were rotatory 
evaporated up to a syrupy consistency at 31 °C and were dissolved in 5 mL of 
acetonitrile. Afterwards, the extract was washed three times with 10 mL of n-hexane 
and the rejected n-hexane was treated with 5 mL of acetonitrile. The acetonitrile 
solution was finally rotatory evaporated to dryness and then re-dissolved in 1 mL 
of acetonitrile and maintained at −18 °C before the chromatographic analysis. 5 µL 
of the eluate was directly injected into the LC-QTOF-MS. Extractions were carried 
out in triplicate.

LC-QTOF-MS analysis of phenolic extracts from pumpkin seed oils

The analysis of the phenolic compounds and their metabolites in the oil samples 
was carried out by means of a LC-QTOF-MS system consisted of a LC-Agilent 
1290Series (Agilent Technologies, Palo Alto, U.S.A.) coupled to a 6540 ESI-QTOF 
(Agilent Technologies) operated in negative electrospray ionization mode (ESI-). 
Separation was carried out using a Zorbax SB-Aq column (3.5µm, 150mm x 2.1mm 
i.d.) equipped with a Pre-Column Zorbax SB-C18 (3.5µm, 15mm x 2.1mm i.d.) also 
from Agilent. Drying gas temperature was 350°C and the flow rate was held at 12 
l/min. On the other hand pressure of the gas nebulizer was 45 psi and the capillary 
voltage was set at 4000 V. The fragmentor was set at 120V, the skimmer at 65V and 
the OCT 1RF Vpp was set at 750V.
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During the analysis, the column was kept at 25°C and the flow rate was 0.4 mL/
min. The solvent composition was solvent A: milliQ water/acetic acid (99.8:0.2 v/v) 
and solvent B: acetonitrile. Solvent B was initially 5% and was gradually increased 
reaching 55% at 10 minutes and 95% at 12 min. Then it was maintained isocratically 
up to 15 min and after that it was reduced to 5% in 1 minute and was held at initial 
conditions during 8 minutes to re-equilibrate the column. The injection volume 
was set at 5 µL.

References Supplement 1

1.	 Suarez M, Macia A, Romero MP, Motilva MJ. Improved liquid chromatography 
tandem mass spectrometry method for the determination of phenolic 
compounds in virgin olive oil. Journal of chromatography A 2008;1214:90-99.
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Supplemental Figure 1. Refined and virgin pumpkin seed oils do not affect food intake or 
body weight in ApoE*3Leiden mice. Mice were fed a Western type diet (CON) containing 9% 
refined pumpkin seed oil (REF) or 9% virgin pumpkin seed oil (VIR) for 20 weeks. (A) Average 
food intake was measured per cage in group-housed mice (3-4 mice per cage) and did not 
differ between groups. (B) Body weight was not affected by either VIR or REF and increased 
gradually over time. Data are mean±SEM.

Supplemental Figure 2. Refined and virgin pumpkin seed oils do not affect microvesicular 
steatosis in ApoE*3Leiden mice. Mice were fed a Western type diet (CON) containing 9% 
refined pumpkin seed oil (REF) or 9% virgin pumpkin seed oil (VIR) for 20 weeks. Microvesicular 
hepatosteatosis (% of total liver cross section affected) was not reduced by REF or VIR. Data 
are mean±SEM.
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Supplemental Figure 3. refi ned and virgin pumpkin seed oils do not aff ect number of 
lesions or lesion-free segments ApoE*3Leiden mice. Mice were fed a Western type diet (CON) 
containing 9% refi ned pumpkin seed oil (REF) or 9% virgin pumpkin seed oil (VIR) for 20 weeks. 
(A) Immunohistochemical staining for MAC-3 (CD107b) followed by quanti fi cati on of positi vely 
stained area showed that the macrophage content of type IV lesions was not signifi cantly 
reduced by REF or VIR. (B) number of lesions per cross secti on were not reduced by REF or VIR. 
(C) REF and VIR did not increase the percentage of lesion-free segments. Data are mean±SEM
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Abstract

Non-alcoholic steatohepatitis (NASH) is characterized by liver steatosis and 
lobular inflammation. It is unclear how the development of liver steatosis and the 
formation of inflammatory cell aggregates are related to each other. The present 
study investigated the longitudinal development of two forms of steatosis, micro- 
and macrovesicular steatosis, as well as lobular inflammation. ApoE*3Leiden.
CETP (E3L.CETP) transgenic mice were fed a high-fat diet containing 1% w/w 
cholesterol (HFC) for 12 weeks to induce NASH. Livers were harvested in intervals 
of 4 weeks and analyzed by histological and biochemical techniques, as well as 
transcriptome and subsequent pathway analysis. Major findings were validated in 
independent NASH studies using other rodent models, i.e. HFD-treated C57BL/6J 
and LDLr‑/-.Leiden mice. In E3L.CETP mice, microvesicular steatosis was rapidly 
induced and reached plateau levels after already 4 weeks of HFC treatment, while 
macrovesicular steatosis developed more gradually and progressed over time. 
Lobular inflammation increased after 4 weeks with a significant further progression 
towards the end of the study (12 weeks). Macrovesicular, but not microvesicular, 
steatosis was positively correlated with the number of inflammatory aggregates. 
This correlation was confirmed in a milder (C57BL/6J) and a more severe 
(LDLr‑/-.Leiden) NASH model. Furthermore, collagen staining showed onset of 
perihepatocellular fibrosis in E3L.CETP mice after 12 weeks of HFC treatment and 
transcriptome analysis substantiated the activation of pro-fibrotic pathways and 
genes. Notably, macrovesicular steatosis correlated positively with liver fibrosis in 
LDLr-/-.Leiden mice with pronounced fibrosis. In conclusion, this study shows that 
macrovesicular steatosis is associated with lobular inflammation and liver fibrosis 
in rodent models and highlights the importance of this form of steatosis in the 
pathogenesis of NASH.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is associated with visceral obesity, 
dyslipidemia and insulin resistance and has become a global threat with an 
estimated prevalence of 15% to 30% of the general population [1,2]. NAFLD covers 
a spectrum of liver disease ranging from lipid accumulation (simple steatosis) to 
non-alcoholic steatohepatitis (NASH). NASH is characterized by steatosis with 
lobular inflammation which can further progress to liver fibrosis and cirrhosis [3]. 
The pathophysiology that leads to NASH is not well understood, in particular the 
relationship between the development of steatosis and lobular inflammation is 
unclear.

Morphologically, hepatic steatosis can manifest in two forms of lipid 
accumulation, i.e. macrovesicular or microvesicular steatosis. In macrovesicular 
steatosis, hepatocytes contain a large, single vacuole of fat which fills the 
cytoplasm and displaces the nucleus to the periphery (see [4] and references 
therein). By contrast, hepatocytes with microvesicular steatosis contain many 
small lipid droplets in the cytoplasm [4]. Emerging data indicate that excessive lipid 
accumulation in liver cells causes lipotoxic hepatocellular injury and inflammation 
[5]. Lobular inflammation in NASH is characterized by the presence of inflammatory 
aggregates, i.e. cell clusters containing different types of immune cells such as 
neutrophils, lymphocytes and macrophages [6,7]. This inflammation is associated 
with activation of pro-fibrotic signaling cascades involving stellate cells and the 
production of collagen [6,8]. To date, it is unclear whether the development of 
inflammation is linked to a specific form of steatosis, i.e. macro- or microvesicular 
steatosis.

To identify a potential relationship between the two forms of steatosis and 
development of lobular inflammation (and the progression to fibrosis), we 
investigated in a longitudinal study the development of macro- and microvesicular 
steatosis and lobular inflammation up to the stage of early fibrosis. For this we 
used ApoE*3Leiden.CETP (E3L.CETP) transgenic mice which have a humanized 
lipoprotein metabolism and develop NASH in the context of obesity and 
dyslipidemia [7,9]. These mice were treated with a NASH-inducing high-fat diet 
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containing 24% lard fat and 1% cholesterol (HFC) for 12 weeks and compared to 
low-fat diet controls. Groups of mice were sacrificed in monthly intervals until 
NASH with early fibrosis had developed. NAFLD pathology was scored blindly 
using a recently established grading system for rodents which is based on the 
human NAS system [10]. Histological analyses and biochemical measurements in 
conjunction with transcriptome analysis revealed a positive association between 
macrovesicular steatosis and lobular inflammation as well as early fibrosis. These 
findings were confirmed in independent studies using diet-inducible models of NASH 
(i.e. C57BL/6J and LDLr-/-.Leiden mice) and the results show that macrovesicular 
steatosis has a critical role in the pathogenesis of NASH.

Material and Methods

Animal time-course experiment

Experiments were approved by an independent Animal Care and Use Committee and 
were in compliance with European Community specifications regarding the use of 
laboratory animals. APOE*3Leiden (E3L) mice were cross-bred with transgenic mice 
that express human- cholesteryl ester transfer protein (CETP) to obtain heterozygous 
E3L.CETP mice [9]. Male E3L.CETP mice (n=70, 16-19 weeks of age) were used in 
the present study. All animals were housed in a temperature-controlled room with 
12-hour light-dark cycling and had ad libitum access to food and water. Mice received 
a low fat diet (LFD; 10 kcal% lard, Research Diets, New Brunswick, NJ, USA) during a 
4-week run-in period. Mice were matched for body weight, plasma cholesterol and 
triglycerides and one group (n=10) was sacrificed to define the condition at the start 
of the experiment (t=0). Remaining mice were matched into 6 groups. Three groups 
(n=10/group) were treated with a NASH-inducing high-fat diet (HFD; D12451; 45 
kcal% lard, Research Diets, New Brunswick NJ, USA) supplemented with 1% (w/w) 
cholesterol (HFC) [7]. As reference for transcriptome analysis, three groups (n=10/
group) received a HFD control diet. At 4-week intervals, food intake and body weight 
were determined and EDTA plasma was collected from the tail vein after 5h of fasting. 
Mice were sacrificed after 4, 8 or 12 weeks of diet feeding by CO2 asphyxiation. The 
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medial liver lobe was fixed in formalin and embedded in paraffin for histological 
analysis of NAFLD and the left lateral liver lobe (lobus sinister hepatis) was snap frozen 
in liquid nitrogen and stored at -80°C for liver lipids, biochemical and gene expression 
analyses. White adipose tissue was collected, weighed and stored at -80°C.

Histological evaluation of NAFLD

NASH development was assessed histologically in hematoxylin and eosin (HE)-
stained liver sections (3 μM) using an adapted scoring method for human NASH 
[10]. Briefly, steatosis was determined at a 40-100x magnification and quantified 
as macrovesicular and microvesicular steatosis, expressed as the percentage of the 
total surface area. Hepatic inflammation was analyzed by counting the number of 
inflammatory aggregates in five fields per specimen at a 100x magnification (view 
size 3.1 mm2). Inflammatory cell aggregate counts were expressed as the average 
number of aggregates per field. Early liver fibrosis was evaluated by collagen staining 
using Picro-Sirius Red (Chroma, WALDECK-Gmbh, Münster, Germany). The level of 
collagen deposition in the perisinusoidal area was determined relative to the total 
perisinusoidal area and expressed as a percentage. Correlation between the two 
forms of steatosis and lobular inflammation were made and validated in independent 
NASH studies with C57BL/6J mice and LDLr-/-.Leiden mice. More specifically, male 
C57BL/6J mice (n=12, 12 weeks of age) were treated with the above specified HFD 
(D12451) for 24 weeks to induce NASH. NAFLD was histologically scored to investigate 
the potential relationship between micro-/macrovesicular steatosis and lobular 
inflammation. Male LDLr-/-.Leiden mice (n=12, 12-16 weeks of age) were treated 
with HFD for 34 weeks to induce a NASH phenotype with liver fibrosis to investigate 
the association between steatosis and fibrosis. These models can develop NASH after 
long-term HFD feeding (>20 weeks) with marked lobular inflammation [10,11].

Liver lipid analysis

The intrahepatic concentration of free cholesterol triglycerides, and cholesteryl 
esters was analyzed as described [7]. Briefly, lipids were extracted from liver 
homogenates using the Bligh and Dyer method and separated by high performance 
thin layer chromatography (HPTLC) on silica gel plates. Lipid spots were stained 
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with color reagent (5g of MnCl24H2O, 32 ml of 95–97% H2SO4 added to 960 ml of 
CH3OH:H2O 1:1 v/v) and triglycerides, cholesteryl esters and free cholesterol were 
quantified using TINA version 2.09 software (Raytest, Straubenhardt, Germany).

Biochemical analysis of metabolic parameters

Plasma levels of total cholesterol and triglycerides were measured with commercially 
available kits (Roche Diagnostics, Almere, The Netherlands). Plasma glucose was 
determined using the “Freestyle glucose measurement system” (Abbott, Heerlen, 
The Netherlands). Plasma insulin was quantified by ELISA (Mercodia, Uppsala, 
Sweden). Serum alanine transaminase (ALT) (GPT, cat. no. 10745138) and aspartate 
aminotransferase (AST) (GOT, cat. no. 10745120) activities were measured using 
Reflotron® kits (Roche Diagnostics).

RNA isolation and gene expression analysis

Transcriptome analysis was performed essentially as reported in [12] and references 
therein. Briefly, total RNA was extracted from individual livers using glass beads and 
RNAzol (Campro Scientific, Veenendaal, The Netherlands). After quality control of 
RNA integrity using RNA 6000 Nano Lab-on-a-Chip kit and a bioanalyzer 2100 (Agilent 
Technologies), biotinylated cRNA was prepared with an Illumina® TotalPrep™ RNA 
Amplification Kit (Ambion, art.No.AM-IL1791. Biotinylated cRNA was hybridized 
onto the MouseRef-8 Expression BeadChip (Illumina) by a service provider (Service 
XS, Leiden, the Netherlands). Genomestudio v1.1.1 software (Illumina) was used 
for subsequent gene expression analysis. Differentially expressed probes were 
identified using the limma package of R/Bioconductor. Differentially expressed 
probes were selected based on the cut-off value False discovery rate (FDR)<0.05. 
Selected differentially expressed probes were used as an input for pathway analysis 
using Ingenuity Pathway Analysis suite (http://www.ingenuity.com).

Statistical analysis

Data are presented as mean ± SEM. Significant differences between more than 
two groups were estimated by one-way ANOVA and Tukey post-hoc analysis 
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(parametric samples) or Kruskal–Wallis followed by Mann-Whitney U tests 
(non-parametric samples). Significant differences between two groups were 
determined by two-sided Student’s t-test. Correlations between two variables 
were calculated by Spearman’s rank (non-normally distributed variables) 
or Pearson’s rank (normally distributed variables) correlation coefficient. A 
p-value<0.05 was considered statistically significant. GraphPad Prism software 
6.0 was used for calculations (GraphPad Software, La Jolla, CA).

Results

HFC feeding leads to liver steatosis and lobular inflammation in context of obesity, 
dyslipidemia and insulin resistance

E3L.CETP mice were treated with HFC up to 12 weeks. Histological analysis of livers 
showed that HFC-treated mice developed moderate pericentral steatosis after 4 
weeks (Figure 1). This early steatosis consisted mainly of microvesicular steatosis. 
Steatosis intensified until the end of the study (at 12 weeks) and macrovesicular 
steatosis became more abundant. The development of steatosis can be attributed 
to a significant increase in liver lipids such as triglycerides (Table 1). With regards 
to lobular inflammation, first inflammatory cell aggregates were observed after 4 
weeks of HFC feeding and more inflammatory aggregates were present at the end 
of the study (Figure 1).

During the experiment, mice developed an obese phenotype with a significant 
increase in body weight and visceral (epididymal and mesenteric) white 
adipose tissue (Table 1). Furthermore, HFC treatment induced dyslipidemia as 
demonstrated by significant elevations in plasma cholesterol and triglycerides. Mice 
developed insulin resistance as reflected by increased fasting insulin and glucose 
concentrations in plasma. Liver enzymes AST and ALT were significantly elevated 
at the end of the study demonstrating that HFC feeding resulted in hepatocellular 
damage. In all, HFC feeding resulted in development of NASH in context of diet-
induced obesity, dyslipidemia and insulin resistance.
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Figure 1. Histological presentation of NASH in E3L.CETP mice. Representative 
photomicrographs of HE-stained liver cross-sections of E3L.CETP mice fed a high‑fat diet 
supplemented with 1% cholesterol (HFC) for 0, 4, 8 and 12 weeks showing development 
steatosis and increased lobular inflammation (arrows) over time. (Magnification:x200).

Table 1. Effect of HFC feeding on metabolic parameters over time.
Parameter t=0 t=4 w t=8 w t=12 w
Body weight (g) 29.4 ± 0.6a 36.0 ± 1.0b 42.2 ± 1.6c 47.6 ± 2.0d

Epididymal fat (g) 0.4 ± 0.1a 1.8 ± 0.3b 2.3 ± 0.2bc 2.5 ± 0.2c

Mesenteric fat (g) 0.3 ± 0.0a 0.5 ± 0.1a 0.8 ± 0.1b 0.8 ± 0.1b

Liver (g) 1.8 ± 0.1a 1.8 ± 0.1a 2.4 ± 0.2b 3.1 ± 0.2c

Hepatic lipids (µg/mg protein):
Triglycerides 83.5 ± 11.9a 171.9 ± 86.6b 321.5 ± 41.8c 304.6 ± 35.8c

Cholesteryl esters 17.9 ± 2.7a 51.3 ± 4.8b 65.8 ± 5.0bc 82.8 ± 6.7c

Free cholesterol 16.9 ± 1.3a 19.2 ± 1.5a 27.6 ± 1.6b 30.5 ± 2.3c

Serum levels, fasting:
ALT (U/L) 121.7 ± 10.0a 151.2 ± 39.7a 100.8 ± 21.7a 304.8 ± 53.6b

AST (U/L) 270.0 ± 21.3a 341.2 ± 111.6ab 171.9 ± 20.9b 519.6 ± 80.8c

Plasma levels, fasting:
Glucose (mM) 9.5 ± 0.8a 12.3 ± 0.9b 15.7 ± 0.7c 16.0 ± 0.7c

Insulin (ng/mL) 0.4 ± 0.1a 2.4 ± 0.6b 2.2 ± 0.4b 4.4 ± 0.8c

Cholesterol (mM) 6.7 ± 0.7a 13.3 ± 1.1b 13.7 ± 2.7b 25.9 ± 2.0c

Triglycerides (mM) 3.3 ± 0.5a 2.9 ± 0.3a 2.2 ± 0.6a 6.7 ± 1.1b

Mice were fed a high-fat diet supplemented with 1% (w/w) cholesterol (HFC) diet and groups 
(n=10) were sacrificed at regular intervals (t=0, t=4, t=8 or t=12 weeks). Values are mean±SEM. 
a,b,c,d Mean values within a row with unlike superscript letters are significantly different (p<0.05).
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Macrovesicular steatosis is positively associated with development of lobular 
inflammation

In a more refined histopathological analysis, we quantified the two forms of steatosis 
as well as the number inflammatory aggregates during HFC feeding. At already 4 weeks 
of HFC treatment, a pronounced and significant increase in microvesicular steatosis 
was observed (38%, p<0.05; Figure 2A). After this rapid induction, microvesicular 
steatosis remained at a constant elevated level until the end of the study. By contrast, 
macrovesicular steatosis showed a gradual and continuous development over time 
(24% at week 12, p<0.05; Figure 2B). The number of inflammatory cell aggregates 
increased significantly after 4 weeks and showed a further increase at 12 weeks of 
HFC treatment (Figure 2C). Next, we examined whether a potential relationship exists 
between micro-/macrovesicular steatosis and lobular inflammation. Correlation 
analysis revealed a positive association between macrovesicular steatosis and 
inflammatory cell aggregates (r=0.45; p=0.01; Figure 2D). By contrast, microvesicular 
steatosis and total hepatic triglyceride content were not correlated with inflammatory 
cell aggregates (r=0.05; p=0.8 and r=-0.05; p=0.8, respectively). Together, these 
results indicate that a specific type of steatosis, macrovesicular steatosis, is critical 
for the development of lobular inflammation in NASH.

Macrovesicular steatosis and inflammatory cell aggregates are associated 
independent of the disease model

The positive association between macrovesicular steatosis and lobular inflammation 
observed in E3L.CETP mice was examined in other models of obesity-induced NASH. 
More specifically, we examined livers of a mild experimental model (HFD-treated 
C57BL/6J mice) and a more severe model (HFD-treated LDLr-/-.Leiden mice). 
C57BL/6J mice developed steatosis (macrovesicular: 23.3±2.2%; microvesicular: 
59.5±2.0% of total surface area) with modest inflammation (inflammatory 
aggregates: 2.0±0.5 per microscopic field) (Figure 3A). LDLr-/-.Leiden mice also 
developed steatosis (macrovesicular: 26.5±2.3%; and microvesicular: 30.5±2.5% of 
total surface area), but more inflammatory aggregates (45.9±12.6 per microscopic 
field) and marked fibrosis (23.4±5.1%) (Figure 3A). To examine the relationship 
between macrovesicular steatosis and inflammation, we compared mice with a high 
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and low level of macrovesicular steatosis, and comparable microvesicular steatosis. 
In both NASH models, macrovesicular steatosis above 20% was associated with 
significant increases in inflammatory aggregates (Figure 3B-C). Again, macrovesicular 
steatosis was positively correlated with inflammatory aggregates (C57BL/6J: r=0.66, 
and LDLr-/-.Leiden: r=0.77; both p<0.05), while no correlation was observed for 
microvesicular steatosis (not shown).

Figure 2. Quantitative histological analysis of the development of liver steatosis and 
inflammation in E3L.CETP mice. Quantification of the two steatosis forms (A) microvesicular 
steatosis and (B) macrovesicular steatosis expressed as percentage (%) of the total surface 
area. Microvesicular steatosis developed rapidly after 4 weeks of HFC and levels remained 
constant over time, whereas macrovesicular steatosis developed continuously. (C) Lobular 
inflammation (expressed as the number of inflammatory cell aggregates per field) was 
induced already after 4 weeks of HFC but increased strongly after 12 weeks of HFC feeding. 
(D) Macrovesicular steatosis is positively correlated with inflammatory cell aggregates as 
determined by Spearman’s rank correlation analysis. a,b,c,d Mean values with unlike letters differ 
significantly from each other (p≤0.05).
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Macrovesicular steatosis is associated with the development of fibrosis

Next, we investigated whether there is a link between the development of 
macrovesicular steatosis and liver fibrosis. Sirius red staining of livers from the 
time course experiment in E3L.CETP mice showed mild perihepatocellular fibrosis 
at end point (12 weeks of HFC treatment) (Figure 4A). Specifically for the 12-week 
time point, we observed a significant upregulation of genes involved in pro-fibrotic 
pathways including TGFβ, TIMP-1, Col1α1, Col1α2 and MMP13 (Figure 4B) as 
demonstrated by microarray pathway analysis. Of note, this onset of fibrosis was 
observed when macrovesicular steatosis reached levels above 20%.

Figure 3. Histological representation and the role of macrovesicular steatosis in other diet-
induced NASH mouse models. Representative photographs of HE-stained liver cross-sections 
from (A) male C57BL/6J mice fed a high-fat diet (HFD) for 24 weeks and male LDLr-/-.Leiden 
mice treated with HFD for 34 weeks. Photomicrographs on the left show C57BL/6J and on 
the right LDLr‑/-.Leiden mice (Magnification: x200). (B) C57BL/6J mice with high levels of 
macrovesicular steatosis (>20%) showed more inflammatory cell aggregates then mice with 
low levels of macrovesicular steatosis (≤ 20%), while microvesicular steatosis was comparable 
(high vs. low macrovesicular steatosis: ±53% vs. ±60%, respectively). (C) LDLr-/- mice with high 
levels of macrovesicular (>20%) have increased lobular inflammation compared to mice with 
low macrovesicular steatosis (≤20%), while microvesicular steatosis was comparable between 
the groups (both, ±30%).
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Figure 4. Onset of liver fibrosis in E3L.CETP mice and established fibrosis in LDLr-/-.Leiden 
mice. (A) Representative photomicrograph of pico-sirius red-stained livers from E3L.CETP 
mice showing mild fibrosis (Magnification x100). Arrows show perihepatocellular fibrosis. (B) 
Transcriptome analysis confirmed the onset of liver fibrosis as demonstrated by upregulation 
of pro-fibrotic signaling pathways in hepatic stellate cells and showed increased expression of 
pro-fibrotic genes including Col-1α, Timp1, Smad3. Nodes that are colored red (upregulated) or 
green (downregulated) indicate significant differences in fold-change in HFC-fed mice compared 
to HFD-fed control mice. (C) Representative photomicrograph of pico-sirius red-stained liver 
section showing pronounced fibrosis in LDLr-/-.Leiden mice treated with HFD feeding for 34 weeks 
(Magnification x100). (D) LDLr-/-.Leiden mice with high levels of macrovesicular (>20%) have 
more fibrosis compared to mice with low macrovesicular steatosis (≤20%). (E) Macrovesicular 
steatosis is positively correlated with fibrosis in HFD-fed LDLr-/-.Leiden mice.
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The relationship between macrovesicular steatosis and liver fibrosis was further 
examined in a NASH model with pronounced fibrosis, namely LDLr‑/-.Leiden mice 
(Figure 4C). LDLr‑/‑.Leiden mice with a high percentage of macrovesicular steatosis 
(>20%) exhibited more fibrosis than mice with a low level of macrovesicular 
steatosis (≤20%) (Figure 4D). Furthermore, the level of macrovesicular steatosis 
correlated positively with the amount of liver fibrosis (r=0.67, p<0.05, Figure 4E) 
while there was no correlation between microvesicular steatosis and fibrosis. 
Of note, the number of inflammatory cell aggregates is strongly correlated with 
fibrosis (r=0.93, p<0.001). Thus, the association between macrovesicular steatosis 
and fibrosis is likely to be a consequence of the development of macrovesicular 
steatosis-associated lobular inflammation. Altogether, these results support the 
importance of macrovesicular steatosis in the etiology of liver inflammation and, 
as a consequence thereof, liver fibrosis.

Discussion

This study analyzed the progression of steatosis and inflammation during the 
pathogenesis of NASH in obesity. Specifically, we examined the relationship 
between the development of specific forms of steatosis and inflammatory cell 
aggregates in different diet-induced NASH models. In E3L.CETP mice treated 
with a high-fat diet containing 1% w/w cholesterol (HFC), a rapid induction 
of microvesicular steatosis was observed (at week 4). This form of steatosis 
remained at an elevated level and did not further progress. By contrast, 
macrovesicular steatosis showed a progressive development until the end of the 
study (week 12). Development of macrovesicular steatosis correlated positively 
with the number of inflammatory cell aggregates, whereas microvesicular 
steatosis did not correlate with inflammation. Further support for a positive 
association between macrovesicular steatosis and lobular inflammation was 
obtained from independent NASH studies in HFD-treated C57BL/6J and LDLr-/-.
Leiden. Furthermore, macrovesicular steatosis was positively associated with 
perihepatocellular fibrosis in LDLr-/-.Leiden mice, a mouse model that develops 
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pronounced liver fibrosis on a HFD. Collectively, these results highlight the 
importance of macrovesicular steatosis in the pathogenesis of NASH.

In the present study, the diet-induced NASH models showed pronounced 
development of microvesicular and macrovesicular steatosis. Our time course 
analysis in E3L.CETP mice revealed that the development of microvesicular steatosis 
is rapid process and plateau levels were reached after 4 weeks of HFC feeding. By 
contrast, macrovesicular steatosis developed continuously and progressively over 
time. The development of these two forms of steatosis is only poorly understood. 
It is not clear whether the small lipid vacuoles (microvesicular steatosis) fuse to 
form one large vacuole (macrovesicular steatosis), or whether macrovesicular 
and microvesicular steatosis develop independently from each other ([13] and 
references therein). The most widely accepted theory of lipid droplet biogenesis 
implies that neutral glycerol and esters accumulate within the phospholipid bilayer 
of the endoplasmatic reticulum (ER) and the bilayer gradually separates from the ER 
to form nascent phospholipid-coated lipid droplets which bud off into the cytosol 
[13-15]. The most common form of further growth of these droplets is expansion by 
diffusion of lipids (from the ER or cytosol), i.e. triglycerides are added to the cores 
and phospholipids as surfactants to the surfaces of a growing lipid droplet. Notably, 
the fusion of small lipid vacuoles to a large vacuole is considered to be a relatively 
rare event [13,14]. Thus, it is possible that the observed gradual development of 
macrovesicular steatosis may be determined by the amount of phospholipids that 
are available in a hepatocyte to enlarge the microvesicular structures.

The large lipid droplets that are characteristic for macrovesicular steatosis can 
cause cellular stress and architectural changes to hepatocytes [13]. The injured 
liver cells then release immune reactive substances and hepatocellular damage 
will ultimately lead to ballooning, apoptosis and infiltration of immune cells [16]. 
Consistent with these processes, we observed a significant correlation between 
macrovesicular steatosis and immune cell aggregates in all models. Absence of 
a correlation between inflammatory cell aggregates and microvesicular steatosis 
suggests that the microvesicular lipid droplets are less harmful. The importance 
of macrovesicular steatosis as inducer of liver injury and subsequent liver fibrosis 
is supported by a recent study in rats [17]. A comparison of different rat strains 
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with either 1) solely microvesicular steatosis (Lewis rats), 2) pure macrovesicular 
steatosis (Sprague Dawley) and 3) mixed-type steatosis (Wistar) showed that 
Sprague Dawley rats with macrovesicular steatosis had the highest degree of 
lobular inflammation and fibrosis [17]. In line with this, we observed that the 
marked increase in macrovesicular steatosis between 8 and 12 weeks of HFC 
feeding in E3L.CETP mice is accompanied by increased number of inflammatory 
cell aggregates, and onset of pathways leading to liver fibrosis. Furthermore, 
macrovesicular steatosis and inflammatory cell aggregates correlated significantly 
with the level of hepatocellular fibrosis in the LDLr-/-.Leiden mice.

This study used different mouse strains and diets to investigate the development 
of NASH in the context of visceral obesity, insulin resistance and dyslipidemia, all of 
which constitute important risk factors of NAFLD in humans [1-3]. These risk factors 
are not or only inadequately mimicked in methionine choline deficient (MCD) 
diet-induced NAFLD or CCl4-induced liver fibrosis [18,19]. It is generally assumed 
that diets low in methionine and choline are required to induce liver fibrosis [18]. 
However, the present study shows that liver fibrosis can also be induced with high-fat 
diets (HFD) containing 45 energy percent from fat, which is translational to human 
diets [20]. We have previously reported that LDLr-/-.Leiden mice develop a NASH 
phenotype on HFD which reflects human steatohepatitis [10]. We herein show that 
these animals develop pronounced liver fibrosis (>20% perihepatocellular fibrosis) 
when the HFD treatment is prolonged (34 weeks). Consistent with this observation, 
others reported that mice on a LDLr-/- background constitute a physiological model 
particularly vulnerable to study the inflammation in NAFLD [21].

High-fat diets are often supplemented with cholesterol to induce chronic liver 
inflammation. In LDLr-/- mice, Bieghs and coworkers demonstrated that cholesterol 
feeding can cause lysosomal cholesterol accumulation in Kupffer cells which 
correlates with hepatic inflammation and cholesterol crystallization [22]. Similarly, 
E3L mice treated with a Western-type diet containing 1% (w/w) cholesterol for 
20 weeks show formation of cholesterol crystals and collagen deposition in liver 
[23] as they have been described in humans with NASH [24]. Consistent with this 
pro-fibrotic effect of dietary cholesterol, HFC-fed E3L.CETP mice developed early 
fibrosis after already 12 weeks, and transcriptome analysis substantiated the 
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activation of pro-fibrotic signaling pathways in liver controlled by TNF, PDGF and 
TGFβ. The same pathways were activated in mouse liver with high (1% w/w) but 
not low (0.25% w/w) dietary cholesterol [25]. This effect was attributable to dietary 
cholesterol itself and not to the fat content of the diet. Therefore, it is likely that 
NASH-inducing diets containing high concentrations of cholesterol accentuate the 
above mentioned inflammatory pathways, and that other inflammatory pathways 
which also may contribute to NASH development (e.g. IL-6 and leptin signaling) 
have a relative lower contribution.

In all, our data highlight the importance of macrovesicular steatosis in the 
pathogenesis of experimental diet-induced NASH, because this form steatosis is 
tightly associated with cellular lobular inflammation and perihepatocellular fibrosis. 
Our study advocates a more refined morphological analysis of steatosis subtypes 
in addition to biochemical liver lipid analysis. Such an analysis may be of particular 
relevance for efficacy studies with nutritional or pharmaceutical interventions.
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NAFLD is the most common cause of chronic liver disease worldwide. Prevalence 
estimates for NAFLD in general adult population are between 25% and 45%, 
and the disease incidence increases in parallel of obesity and diabetes [1]. 
Histologically, NAFLD comprises a wide spectrum of liver damage ranging from 
liver steatosis to non-alcoholic steatohepatitis (NASH) and fibrosis. Liver steatosis 
is considered benign in many cases [2], while NASH is a more severe condition that 
is characterized by steatosis and lobular inflammation with or without fibrosis. The 
progression from steatosis to NASH is associated with the presence of the metabolic 
syndrome (defined as central obesity accompanied by two or more of the following 
conditions: elevated fasting glucose concentration (reflecting insulin resistance), 
hypertension, raised triglyceride (TG) levels and lowered high-density lipoprotein 
cholesterol (HDL) levels) [1]. In particular patients with NASH have increased risk 
to develop other metabolic complications, such as cardiovascular disease, and 
have overall higher mortality [3-5]. Although the etiology of NASH remains largely 
enigmatic, it is generally accepted that inflammation is a central component of 
NASH pathogenesis. This inflammation may be triggered by metabolic surplus 
(excess energy or nutrients) and is also referred to as “metabolic inflammation”. 
White adipose tissue (WAT) is assumed to be largely involved in the development 
of metabolic inflammation. However, much remains unknown about the origin 
and underlying mechanisms controlling inflammation in NAFLD progression. The 
studies described in this thesis contributed to the understanding of the role of WAT 
in the development of NAFLD and provide insight into the molecular processes that 
cause metabolic inflammation.

The role of white adipose tissue in NASH development

Adipose tissue has multiple roles in orchestrating adaptation to changes in 
nutrient availability [6]. It is not solely a reservoir for energy excess, but can act 
as an endocrine organ by transmitting soluble signals in the form of “adipokines” 
which can act locally and systemically. Moreover, the adipose tissue can interact 
extensively with immune cells which, under specific conditions, infiltrate in the 
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adipose tissue. Activation of the immune system in obese individuals in a so-called 
“chronic low-grade inflammatory state” is considered to be a crucial factor in the 
pathogenesis of metabolic diseases, such as NAFLD [7]. The basis of this view is 
that obese individuals have elevated plasma levels of inflammatory cytokines (e.g. 
TNFα, IL-6), increased chemokine levels that induce infiltration of immune cells, as 
well as elevated levels of general markers of inflammation (e.g. haptoglobin, SAA) 
[8].

Heterogeneity in the obese population

Although obesity is one of the major risk factors for NAFLD, some obese 
individuals appear ‘metabolically healthy’ despite having excessive body fat. These 
‘metabolically healthy’ obese individuals have normal to high levels of insulin 
sensitivity, lower hepatic fat content, and a generally favorable cardiovascular 
profile [9]. This subgroup of obese individuals may maintain metabolic health as a 
result of their genetic profile or unclarified lifestyle features [10]. The factors that 
distinguish the “metabolically healthy” from the “metabolically unhealthy” obese 
are still poorly understood. A better understanding of the factors contributing to 
the metabolically healthy phenotype and the stratification of obesity phenotypes 
could lead to new prevention and therapeutic intervention strategies and thereby 
improve public health.

It has been postulated that some obese individuals are protected against 
metabolic complications because of a more favorable body fat distribution. In 
general, it is thought that increased visceral fat mass is linked to detrimental 
health effects. Studies have shown that increased visceral (intra-abdominal) fat 
is positively associated with metabolic disease [11,12], independent of overall 
adiposity [13]. On the contrary, subcutaneous adipose tissue is associated with 
more favorable levels of glucose and lipids [14].

As mentioned before, white adipose tissue (WAT) is not merely a storage site for 
excess energy, but can also act as a endocrine organ capable of secreting a variety 
of inflammatory mediators [15]. Hence, in the development of metabolic diseases 
such as NASH, the ‘inflammatory status’ of WAT may be even more important 
than the distribution of fat mass. In support of this, liver of obese subjects with 
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inflamed intra-abdominal (omental) WAT contain more fibro-inflammatory 
lesions than livers of equally obese subjects without WAT inflammation [16,17]. 
This observation suggests that inflammation in a specific WAT depot contributes 
to the inflammatory component in human NASH. The time-course experiment in 
an animal model for NASH, as described in chapter 2, supports this hypothesis. 
Herein, we explored the sequence of inflammatory events in different WAT depots 
and the liver in high-fat diet (HFD)-fed C57BL/6J mice that developed obesity. 
More specifically, we have investigated whether different intra-abdominal (i.e. 
epididymal and mesenteric) and subcutaneous (inguinal) WAT depots differ in their 
susceptibility to develop chronic inflammation. We found that the first depot that 
became inflamed was the intra-abdominal epididymal adipose tissue (eWAT) and 
this inflammation preceded NASH development. Moreover, we found that surgical 
excision of inflamed eWAT reduced liver inflammation, demonstrating that this 
WAT depot causally contributes to NASH development.

Adipose tissue expansion and inflammation

The susceptibility of eWAT to become inflamed, as shown herein, may be related 
to the fact that adipocytes in eWAT are more prone to hypertrophy than those 
in other WAT depots [18]. The deleterious effect of adipocyte hypertrophy was 
demonstrated in an in vitro experiment with isolated primary human adipocytes, 
[19] where only very hypertrophic cells were found to secrete MCP-1, a key mediator 
of immune cell recruitment into WAT. Consistent with this observation, adipocyte 
hypertrophy is associated with infiltration of macrophages and formation of crown-
like structures (CLS), [20] a histological hallmark of inflamed WAT. Macrophage 
infiltration is positively correlated with the size of adipocytes both in visceral and 
subcutaneous fat [20,21]. However, visceral fat is more prone to macrophage 
infiltration compared to subcutaneous fat [22]. Moreover, it has been shown in 
obese individuals that visceral fat exhibit higher expression of inflammatory 
cytokines than subcutaneous fat [23]. These differences might explain the strong 
association between visceral obesity and NASH development.

Importantly, obese mice and humans with hyperplastic obesity (i.e. obesity 
without adipocyte hypertrophy) do not show CLS in WAT and remain insulin 
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sensitive [21,24]. The activation of peroxisome proliferator-activated receptor-γ 
(PPARγ) has an important role in adipocyte differentiation to stimulate fat storage 
via hyperplasia [25]. It has been shown that metabolic unhealthy obese (insulin 
resistant) patients have lower expression of PPARγ in visceral fat than (insulin 
sensitive) metabolically healthy obese individuals [26]. Subcutaneous WAT shows 
higher expression of PPARγ compared to visceral WAT [27], suggesting that this 
depot may be less susceptible to develop inflammation. Thus, pharmacological 
activation of PPARγ may be a suitable intervention strategy to stimulate fat storage 
via hyperplasia and thereby preventing adipocyte hypertrophy. Indeed, in chapter 
3 it was shown that intervention with a PPARγ-activator, rosiglitazone, stimulated 
hyperplasia specifically in the subcutaneous WAT and prevented adipocyte 
hypertrophy. Consequently, this depot did not become inflamed even though its 
mass was much greater than in control animals, an effect that was also observed 
in humans treated with rosiglitazone [28]. Thus, limited capacity for adipose 
tissue expansion, rather than obesity per se may underlie the development of 
inflammation [29,30] and leads to ectopic fat deposition in other organs such as 
liver [30].

Proposed mechanisms for inflamed white adipose tissue in NASH development

The removal of inflamed WAT as demonstrated in chapter 2, resulted in reduced NASH 
development. Moreover, intervention by rosiglitazone reduced WAT inflammation 
and subsequent NAFLD progression as shown in chapter 3. Both studies, showed 
that histological improvement of the liver was paralleled by the reduction of 
circulating pro-inflammatory adipokines, including leptin and saturated fatty acids. 
These data support a model in which secretion of inflammatory mediators (e.g. 
lipids, adipokines) by inflamed WAT drive NASH development as depicted in Figure 
1. Excess of nutrients leads to expansion of WAT involving adipocyte hypertrophy 
[29]. Once adipocytes do not further increase in size and a WAT depot has reached 
a maximal mass, infiltration of immune cells and CLS formation are observed. Next, 
the inflamed WAT produces soluble inflammatory mediators that are released 
into the circulation driving the development of inflammatory pathologies in 
other organs, including the liver. The model in Figure 1 implies that intervention 
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strategies that can attenuate WAT inflammation may reduce NAFLD development. 
Strategies aiming at reducing WAT inflammation should focus on mechanisms that 
allow optimal WAT expansion and prevent immune cell infiltration.

Figure 1: Limitation in expansion is critical for the development of obesity-associated 
inflammation and NASH. Caloric excess leads to expansion of WAT involving adipocyte 
hypertrophy. Infiltration of immune cells and formation of crown-like structures are observed 
once the adipocytes of a depot do not further increase in size and a WAT depot has reached a 
maximal mass. Inflamed WAT produces inflammatory mediators that can be released into the 
circulation driving the development of inflammatory pathologies, such as NASH. Among the 
inflammatory mediators are adipokines, such as TNFα, IL-6, leptin (increased) and adiponectin 
(decreased) as well as specific pro-inflammatory lipids like palmitic acid and stearic acid.

The link between inflammation, insulin resistance and 
NAFLD

In 1993, Hotamisligil and colleagues were the first that described a molecular link 
between inflammation and obesity-associated insulin resistance [31]. They showed 
in rodent models of obesity and diabetes that increased expression of the pro-
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inflammatory cytokine TNFα in adipose tissue correlated with insulin resistance. 
This study was supported by similar findings in humans, showing that elevated 
TNFα concentrations in both WAT and plasma were associated with decreased 
insulin sensitivity [32,33].

Origin of insulin resistance

Given the obvious connection between obesity and adiposity, studies have 
mainly focused on obesity-driven inflammation in WAT during the development 
of insulin resistance. However, obesity is also associated with the development 
of inflammation in other metabolic tissues, such as the liver. While inflammatory 
processes in both the WAT and liver are associated with the development of 
insulin resistance [34], it remains unclear to what extent both organs contribute 
to obesity-induced (systemic) insulin resistance. Since it is difficult to untangle this 
question in human subjects, we studied the inflammatory processes in both WAT 
and liver in a HFD-induced animal model for NAFLD (Chapter 4). In this time-course 
study, we observed that the development of tissue-specific insulin resistance was 
paralleled by increased infiltration of inflammatory cells in both, WAT and liver. 
However, adipose-specific insulin resistance was already observed after 6 weeks of 
HFD feeding, while hepatic insulin resistance occurred much later in time (after 24 
weeks of HFD feeding). These findings support the view that hepatic inflammation 
contributes less to whole body insulin resistance compared to WAT inflammation, 
at least in early stages of diet-induced obesity, as previously hypothesized by 
others [15,35]. Moreover, it has been shown the degree of adipose tissue insulin 
resistance is associated with progressive NASH in patients [36], supporting the view 
that insulin resistance in WAT is an early disease symptom that may contribute to 
NASH development [37].

Inflammatory mechanisms underlying insulin resistance

As mentioned earlier, insulin resistance is associated with inflammation in WAT. 
More specifically, WAT inflammation is characterized by infiltration of macrophages 
that form CLS. The number of adipose tissue macrophages (ATM) is positively 
associated with the progression of insulin resistance [38].
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The chemokine monocyte chemoattractant protein (MCP)-1 and its receptor C-C 
chemokine receptor-2 (CCR2) play a pivotal role in the recruitment of macrophages. 
In support of this, MCP-1 and CCR2 knockout mice exhibit reduced ATM content 
and insulin resistance [39-42]. Furthermore, prophylactic treatment with a CCR2 
antagonist reduced macrophage content in WAT and hyperinsulinemia [43]. Other 
studies have demonstrated that CCR2 antagonists can also improve NASH [44], 
however, this has not been tested in a therapeutical setting so far. Therefore, we have 
examined in chapter 4 whether CCR2 inhibitor, propagermanium, would attenuate 
NASH development in mice with manifest disease symptoms (i.e. WAT inflammation 
and insulin resistance). We observed that propagermanium intervention reduced 
insulin resistance and WAT inflammation. Moreover, propagermanium reduced 
macrovesicular steatosis and lobular inflammation, indicating an attenuation of 
NASH development. However, the beneficial effects were much more pronounced in 
the early intervention group compared to the late intervention group (started after 
6 weeks vs. 12 weeks of HFD feeding). Hence, CCR2 inhibitors may be beneficial to 
treat insulin resistance and NASH, but only when administered early in the disease 
development. Based on existing literature [45-47], it is likely that disease pathways 
other than MCP1/CCR2 become upregulated at later stages of disease process 
(e.g. RANTES/CCR5) and that interventions merely targeting MCP1/CCR2 become 
less efficient. Therefore, NASH patients may benefit more from a treatment that 
is directed at both, the CCR2 and CCR5 pathways. The use of such a dual-CCR2/
CCR5 antagonist is currently being examined in a large randomized phase 2b trial 
in NASH [47].

It should be noted that not only the number of ATM, but also the inflammatory 
phenotype of this immune cell population differs during obesity, which are typically 
referred to as M1 and M2 macrophages. M1 macrophages are considered pro-
inflammatory as they secrete pro-inflammatory cytokines (e.g. TNFα, IL-1β), whereas 
M2 macrophages secrete anti-inflammatory cytokines (e.g. IL-10) [48]. In particular 
the accumulation of M1 macrophages, which express the CD11c surface marker, 
have been implicated in the development of insulin resistance [34,38]. In support of 
this notion, CD11c depletion in obese mice results in a rapid normalization of glucose 
and insulin tolerance and decreased inflammatory markers in WAT [49].
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Various studies have described a shift in ATM subsets from M2 in lean mice 
to M1 in obese mice [48,50]. In obese humans, however, the ATM phenotype 
is less polarized, as both M1 and M2 markers can be detected in human ATMs 
[51-53]. Despite a ‘mixed’ ATM phenotype, these macrophages are thought to 
contribute to the chronic inflammatory process in obesity as they can produce 
extensive amounts of pro-inflammatory cytokines [53]. It has been assumed 
that macrophages exhibit phenotypic plasticity in response to their surrounding 
milieu [54]. For instance, it was shown that progressive lipid accumulation in 
macrophages favors M1 polarization [55]. The transcriptional factor PPARγ appears 
to be a key player in this macrophage polarization [56]. Indeed, we observed that 
administration of PPARγ activator rosiglitazone leads to decreased expression of 
M1 and increased expression of M2 markers in WAT as shown in chapter 3. This 
suggests that rosiglitazone partly exerts its insulin sensitizing effect by preventing 
M1 polarization in WAT.

Inflammation can be triggered by cytokines (e.g. TNFα) that instigate 
inflammatory signaling through classical activation of their cell surface receptors 
[34]. Alternatively, the inflammatory process can be initiated by ‘danger signals’, 
such as saturated fatty acids, that activate the NLRP3 inflammasome complex 
[57]. Upon inflammasome activation, caspase-1 initiates the maturation of the 
cytokines IL-1β and IL-18. Genetic ablation of components of the inflammasome 
(e.g. caspase-1) has been shown to ameliorate HFD-induced obesity and insulin 
resistance [58], suggesting that the inflammasome is an important mediator in the 
development of metabolic disease. In chapter 5, we examined the therapeutical 
value of a caspase-1 inhibitor in obesity-associated NAFLD development in 
LDLr-/-.Leiden mice. Treatment with this inhibitor did not affect obesity or fat 
mass, but did reduce inflammation in WAT, which was paralleled by improvement 
of whole-body insulin resistance. Moreover, intervention with caspase-1 inhibitor 
attenuated steatosis, inflammation and fibrosis in the liver. The inflammasome is 
present and of relevance in multiple tissues (e.g. WAT, liver) and cell types (e.g. 
hepatocytes, macrophages). Future studies should therefore address whether the 
observed improvement of NAFLD in LDLr-/-.Leiden mice is orchestrated by direct 
effects of caspase-1 inhibition on the liver or via indirect effects on WAT.
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Relationship between insulin resistance and NAFLD

Obesity-associated insulin resistance is thought to play a causal role in the 
pathogenesis of NASH, since it is strongly associated with NAFLD severity [59,60]. 
However, the relationship between insulin resistance and NASH is still poorly 
understood. Ectopic lipid accumulation in the liver has been considered to cause 
insulin resistance [61]. On the other hand, insulin resistance is thought to cause 
NAFLD development [37]. Notably, whole body insulin resistance determined by 
HOMA-IR or increased plasma insulin levels may merely reflect insulin resistance 
in adipose tissue, rather than hepatic insulin resistance. Moreover, liver steatosis is 
rare in metabolic healthy obese with normal insulin-sensitive adipose tissue [36], 
highlighting the importance of adipose tissue in NAFLD.

Reducing inflammation in adipose tissue, via macrophage polarization or 
inhibiting inflammatory components (e.g. inflammasome) have been shown to 
improve systemic insulin resistance [62,63] and, as shown herein, is frequently 
accompanied by improvement in NASH. As the degree of insulin resistance in 
adipose tissue is associated with NASH severity [36], it is thus likely that NASH 
development can be attenuated by improving adipose tissue function (i.e. 
inflammation, insulin resistance).

Preclinical NASH models to examine different aspects 
of disease

NAFLD is considered a complex, multifactorial disease and its progression is difficult 
to study in patients. Clinical research into disease mechanisms are constrained by 
ethical considerations, particularly with respect to obtaining tissue biopsies (e.g. 
liver, WAT other than subcutaneous) and by limited ability to study interactive 
disease pathways over time. Although animal work contributed greatly to our 
understanding of the mechanisms underlying NAFLD progression, to date no 
optimal animal model exists that reflects all the disease aspects observed in humans. 
Ideally, experimental NASH models should mimic both human pathophysiology and 
histopathology. As multifactorial origins and processes are thought to contribute to 
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NASH development, animal models investigating the etiology of NAFLD have been 
restricted to studying specific aspects of the disease.

Histopathology of NASH

Histopathologically, fat accumulation observed in human NAFLD can manifest in 
two forms: macrovesicular- or microvesicular steatosis. Macrovesicular steatosis 
is characterized by the presence of a large lipid droplets that displaces nucleus 
to the periphery of liver cells, while microvesicular steatosis consists of large 
numbers of smaller droplets surrounding a central nucleus. In human NAFLD, the 
most frequent type of steatosis is macrovesicular steatosis, but a mixed pattern 
(macrovesicular and microvesicular) steatosis has been reported as well [64]. 
However, it is unclear whether a distinct type of fat storage i.e. macrovesicular 
or microvesicular steatosis, contributes to NAFLD progression. In chapter 7, we 
studied whether a potential relationship exists between the type of steatosis and 
the onset of hepatic inflammation in different experimental models of NASH. 
We found that macrovesicular, but not microvesicular, steatosis was positively 
correlated with the number of inflammatory aggregates across different disease 
models (i.e. ApoE3.Leiden.CETP, C57BL/6J, LDLr-/-.Leiden mice). Currently, it is 
unknown what factors or mechanisms that involve macrovesicular steatosis could 
drive disease progression. Future research should focus on how lipid droplets are 
formed, e.g. whether small lipid droplets characterizing microvesicular steatosis 
reflect newly synthesized fat droplets or if the aggregation of smaller lipid vacuoles 
become larger over time. Moreover, it is unknown which lipids are stored in 
macrovesicular steatosis and whether they differ from the lipids that accumulate in 
microvesicles. The latter may be of importance, because emerging data indicate that 
accumulation of specific types of lipids in liver cells causes lipotoxic hepatocellular 
injury and inflammation [65]. Therefore, it is possible that the large lipid droplets 
in macrovesicular steatosis contain certain toxic lipids or lipid metabolites that are 
absent or less abundant in liver regions with microvesicular steatosis.
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Animal models of NASH

The methionine choline deficient (MCD) diet-induced NASH model is a frequently 
used model to study liver disease in rodents. Although this model develops 
pronounced (macrovesicular) steatosis, inflammation and fibrosis reflecting 
human histopathology, it lacks metabolic features associated with human NASH. 
The MCD model is associated with features that are atypical for NASH patients, i.e. 
weight loss, increased insulin sensitivity and low serum triglyceride (TG) levels [66]. 
Thus, to mimic human risk groups for NASH development, we herein used different 
mouse strains and diets that reflect a similar disease phenotype as observed in 
humans.

Inbred C57BL/6J mice fed a high-fat diet (HFD) are a frequently used model to 
study diet-induced obesity and associated co-morbidities, such as insulin resistance 
and NAFLD [67]. The development of metabolic inflammation and organ dysfunction 
in this model is relatively slow. Therefore, it is well-suited for longitudinal studies 
investigating different stages of disease development (as shown in chapter 2, 4 
and 7). However, these mice do not develop dyslipidemia as seen in humans and 
they exhibit relatively low plasma TG and cholesterol levels with low levels of the 
atherogenic VLDL and LDL. In fact, the majority of cholesterol is confined to HDL 
particles. Moreover, the development of NASH is quite mild in HFD-fed C57BL/6J 
mice. It is likely that changes in lipid metabolism in the liver related to dyslipidemia 
are necessary to aggravate NASH. As dyslipidemia is considered a risk factor in 
NAFLD, we have used other animal models to capture this aspect of disease.

In contrast to wild-type mice, experimental models of atherosclerosis show 
resemblance with the human plasma lipoprotein profile. Examples are the 
transgenic LDL receptor deficient (LDLr-/-) mice and ApoE*Leiden (E3L) mice. 
LDLr-/- mice lack the LDL receptor, which is required for clearance of chylomicrons, 
VLDL and LDL particles. Deficiency of this receptor, results in elevated TG and 
cholesterol levels upon a Western-type diet. Originally, LDLr-/- mice were frequently 
used for atherosclerosis research. Notably, when fed a HFD, LDLr-/- mice develop 
obesity, hypertriglyceridemia, insulin resistance and show gradual and progressive 
development of NASH with fibrosis (Chapter 5 and 7). This makes these mice an 
ideal model to investigate NASH in the context of metabolic disturbances (i.e. 
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obesity, insulin resistance, dyslipidemia) that characterizes many NASH patients. 
Moreover, these mice respond to insulin sensitizing drugs, such as rosiglitazone, 
similarly to humans [68], as shown in Chapter 3.

Transgenic ApoE*Leiden (E3L) mice exhibit a humanized lipid metabolism and 
lipoprotein profile upon a Western-type diet that is supplemented with cholesterol. 
The expression of a mutated form of human ApoE results in an impaired clearance 
of ApoE-containing lipoprotein particles. In contrast to other experimental 
models for atherosclerosis (e.g. LDLr‑/- and ApoE-/- mice), these mice respond to 
lipid-modulating drugs in a more human-like manner [69]. Moreover, prolonged 
treatment with a high-cholesterol diet results in the development of NASH with 
fibrosis in context of dyslipidemia [70]. However, metabolic disease development 
in E3L mice occurs in absence of obesity, WAT inflammation and insulin resistance. 
Even though obesity is a major risk factor in NASH development, NASH can also 
occur in lean individuals [71]. In these patients, the most important metabolic 
risk factor is considered dyslipidemia [72]. Moreover, epidemiological studies link 
dietary cholesterol intake to the risk and severity of NAFLD [73,74], and in particular 
higher cholesterol intakes are observed in lean NASH patients [73]. This potentially 
makes the E3L mouse model a suitable model to study cholesterol-driven NASH 
development independently of obesity.

The role of diet in animal models of NASH

It is generally accepted that diet has a crucial role in inflammation [75] and the 
development of metabolic diseases [76]. More specifically, the intake of saturated 
fatty acids (SFA) is associated with a greater risk of NAFLD [77], while consumption 
of polyunsaturated fatty acids (PUFAs) is associated with reduced disease risk 
[78]. As such, we investigated in chapter 6 whether (isocaloric) replacement 
of dietary saturated fat with pumpkin seed oil (rich in unsaturated fat) would 
attenuate NAFLD and atherosclerosis development. In addition, we examined 
whether phytochemicals present in unrefined (virgin) pumpkin seed oil exerts 
additional health effects over the refined oil. We showed that pumpkin seed oil 
reduces dyslipidemia and attenuates NAFLD and atherosclerosis development in 
E3L mice. The reduced hepatic fat content by pumpkin seed oil may be the result 
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of increasing fatty acid β-oxidation, as well as inhibiting de novo hepatic fatty acid 
synthesis. Notably, mice receiving virgin pumpkin seed oil showed additional effects 
on systemic inflammation markers and hepatic inflammation. This suggests that 
phytochemicals present in virgin oil may have putative anti-inflammatory properties 
leading to more pronounced effects on disease endpoints. Numerous studies in 
humans have reported that various phytochemicals can indeed reduce systemic 
inflammatory markers (reviewed in e.g. [10,79]), but the effects of phytochemicals 
on disease endpoints often remain unknown. Moreover, further research is needed 
to determine how phytochemicals can exert beneficial effects on metabolic 
inflammation. An important question is whether specific phytochemicals account 
for the reported health effects of phytochemical-rich foods or whether the natural 
combination of multiple phytochemicals is important to achieve health effects.

It should be noted that the metabolically-triggered inflammatory response 
underlying NASH development may differ depending on the type of dietary nutrient 
consumed. For instance, the intake of dietary fat leads to adipocyte hypertrophy 
and WAT inflammation, and ultimately can lead to the development of NASH 
(Chapter 2). By contrast, increased intake of cholesterol per se does not necessarily 
lead to WAT dysfunction (unpublished results of chapter 6), but it can induce NASH. 
As demonstrated herein (chapter 6 and 7) and by others [35,80], dietary cholesterol 
is a strong inducer of inflammatory and pro-fibrotic genes in the liver. Consistent 
with the pro-fibrotic effect of dietary cholesterol observed in E3L mice [70], high-fat/
high-cholesterol diet (HFC)-fed E3L.CETP mice show onset of fibrosis after already 
12 weeks of diet feeding. More specifically, HFC feeding resulted in the activation 
of pro-fibrotic signaling pathways in liver controlled by TNFα, PDGF and TGFβ as 
shown by transcriptome analysis in chapter 7. The same pathways were activated 
in mouse liver with high (1% w/w) but not low (0.25% w/w) dietary cholesterol [81], 
suggesting that the pro-fibrotic effect was attributable to dietary cholesterol itself 
and not to the fat content of the diet. It is likely that NASH-inducing diets containing 
high concentrations of cholesterol accentuate specific inflammatory pathways, 
while other inflammatory pathways that have been associated with human NASH 
development (e.g. IL-6 and leptin signaling [82]) have a relative lower contribution to 
disease progression in this model of cholesterol-induced NASH.
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Although dietary composition obviously represents one of the most important 
causes of NASH, the translational aspect of diets used in experimental NASH 
models can be debated. For example, the recommended dietary cholesterol intake 
for humans is no more than 300 mg/day according to the dietary guidelines for 
Americans [83]. At a meal size of one kilogram, this amounts to 0.03%, while diets 
supplemented with cholesterol ranging from 0.15% up to 2% are often used [35,84]. 
Chapter 5 and 7 demonstrate that NASH and liver fibrosis can also be induced in 
LDLr‑/- mice with a high-fat diet containing 45 energy percent from fat with only 
trace amounts of cholesterol (0.03%), which is translational to human diets [85]. 
Moreover, as shown in chapter 7 these animals develop pronounced liver fibrosis 
(>20% perihepatocellular fibrosis) when the HFD treatment is prolonged (34 
weeks). Importantly, chapter 3 shows that high-fat feeding in LDLr-/- mice results 
in expression of several inflammatory genes that are associated with severity 
of human NAFLD [86]. These findings implicate that this models reflects certain 
processes that are also relevant in human disease development.

Taken together, many animal models have been used to study the pathogenesis 
of NASH and may reflect different aspects of disease, but no model completely 
recapitulates the characteristics of NASH in humans. Notably, the composition of 
the diet plays a critical role in how NASH develops, as liver inflammation may be 
triggered directly (e.g. via dietary cholesterol) or indirectly (e.g. via WAT). Hence, 
depending on the strain and diet, animal models may represent different etiologies 
of disease development. Although there is a clear medical need to develop novel 
therapies for NASH, the evaluation of therapeutic strategies is hampered by 
lack mechanistic insight in human disease development. Therefore, identifying 
causative factors in disease progression is of critical importance to further improve 
preclinical models of human NASH.



199

Summary and general discussion

8

Concluding remarks and future recommendations

The incidence of NAFLD is increasing dramatically along with the pandemic of 
obesity worldwide. Therefore, therapeutic strategies in NAFLD that target obesity 
can be of importance to avoid or reverse the observed deleterious health effects.

Lifestyle changes related to weight reduction are at the basis of any treatment 
strategy for metabolically-oriented diseases. However, many patients fail to 
implement lifestyle changes and pharmaceutical or nutritional interventions may 
be the alternative to decrease the disease burden. In this thesis, we show that a 
‘simple’ switch in the type of fatty acid consumed can reduce metabolic overload 
and inflammation in the liver. Furthermore, we identified several new targets (e.g. 
CCR2 and caspase-1) that could be considered for pharmacological intervention.

NAFLD is a complex disease, in which mechanisms underlying disease 
progression are poorly understood. The complexity of this disease is highlighted by 
the fact that not all obese patients show disease progression, even though obesity 
is a major risk factor of NAFLD. The inflammatory tone of white adipose tissue, 
rather than its quantity, may underlie the development of obesity-associated 
diseases. The inflammatory state of intra-abdominal white adipose tissue shows 
to be a predictive marker for development of (systemic) insulin resistance and is 
associated with NAFLD progression. This is of great clinical significance, since it 
suggests that collection of intra-abdominal WAT, rather than subcutaneous fat, may 
have a great potential for the diagnosis of NASH. However, it should be noted that 
WAT inflammation in itself may not be the cause of NASH development, but rather 
the release of (pro-inflammatory) adipokines and fatty acids by inflamed WAT.

The lack of non-invasive biomarkers for the diagnosis of NASH is problematic 
in current medical practice. Liver biopsies are currently the ‘golden-standard’ for 
the diagnosis of NASH. This diagnosis is not only invasive, but also expensive and 
unsuitable as a tool for population screening. Hence, the most urgent need in 
the field of NAFLD is the discovery of biomarkers that would help a) to diagnose 
the stage of the disease, and b) to monitor disease progression. We potentially 
identified specific saturated fatty acids in the circulation associated with NASH 
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development that could serve as non-invasive biomarker. Future studies should 
validate whether these markers are suitable for the use in humans.

In conclusion, this thesis highlighted the importance of WAT in the development 
of NASH. Additionally, this thesis provides evidence for the contribution of 
specific molecular mechanisms in the development of ‘metabolic inflammation’ 
in NASH and highlights CCR2 and caspase-1 as potential targets for therapeutical 
intervention.
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Door de obesitas epidemie is de niet-alcoholische vetleverziekte (‘non-alcoholic fatty 
liver disease’, NAFLD) nu de meest voorkomende chronische leverziekte wereldwijd. 
Ongeveer 25 tot 45% van de bevolking heeft te maken met niet-alcoholische 
leververvetting. De prevalentiecijfers onder obese individuen lopen zelfs op tot 90%. 
De term ‘NAFLD’ omvat verschillende stadia van deze aandoening, variërend van 
‘simpele’ vette lever gekenmerkt door ophoping van vet in de lever (steatose) en 
leververvetting met ontsteking (niet-alcoholische steatohepatitis, NASH), dat op den 
duur kan overgaan in littekenvorming (fibrose) en levercirrose. Een ‘simpele’ vette 
lever wordt vaak gezien als een relatief goedaardige aandoening, terwijl patiënten 
met NASH een vergroot risico hebben op het ontwikkelen van metabole ziekten, 
waaronder cardiovasculaire aandoeningen. Bovendien is NASH een belangrijke oorzaak 
van levergerelateerde morbiditeit en mortaliteit. Momenteel zijn de mogelijkheden 
om NASH patiënten te kunnen behandelen beperkt en daarom is het van groot 
belang om mechanismen te ontdekken waarop nieuwe, effectieve medicijnen 
kunnen aangrijpen. Hoe NAFLD ontstaat en welke onderliggende mechanismen 
ten grondslag liggen aan de overgang van steatose naar NASH en fibrose zijn echter 
onbekend. Er wordt gedacht dat ontsteking een belangrijk onderdeel vormt voor de 
ontwikkeling van NASH. Een hypothese stelt dat deze ontsteking veroorzaakt kan 
worden door metabole overbelasting van organen (door een overschot aan energie 
of macronutriënten) en wordt daarom ook wel ‘metabole ontsteking’ genoemd. Men 
denkt dat het vetweefsel hierin een belangrijke bron van ontsteking kan zijn. Het doel 
van het onderzoek beschreven in dit proefschrift was om meer inzicht te krijgen in de 
etiologie van NAFLD. De nadruk lag hierbij op de mogelijke rol van het vetweefsel in 
het ziekteproces. Daarnaast is er gekeken naar onderliggende mechanismen die ten 
grondslag liggen in het ontstaan van metabole ontsteking.

In hoofdstuk 2 hebben we de opeenvolging van ontstekingsprocessen in 
verschillende vetweefsel depots en de lever onderzocht gedurende hoog vet dieet 
geïnduceerde obesitas in C57BL/6J muizen. Dit hoofdstuk laat zien dat niet alle 
vetweefsel depots even vatbaar zijn voor het ontwikkelen van metabole ontsteking. 
Het viscerale perigonadale vetweefsel (buikvet) was het eerste vetdepot waar de 
metabole ontsteking zich openbaarde. Deze ontsteking leek gerelateerd te zijn 
aan de maximale expansie van dit vetdepot en de vetcellen daarin. Het ontstaan 
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van ontsteking in het perigonadale vet ging vooraf aan de ontwikkeling van 
leverontsteking. Met andere woorden, de ontsteking in het vetweefsel ging vooraf 
aan de overgang van steatose naar NASH. Vervolgens hebben we onderzocht of het 
ontstoken vetdepot een oorzakelijke rol speelt in de progressie van NASH. We hebben 
hierbij laten zien dat het operatief verwijderen van het ontstoken perigonadale 
vetdepot, de ontwikkeling van leverontsteking verminderd en de concentratie van 
bepaalde circulerende ontstekingsfactoren (zoals cytokines en vetzuren) verlaagd. 
Deze pro-inflammatoire mediatoren, ook wel adipokines genoemd, vormen mogelijk 
de verbinding tussen het ontstoken vetweefsel en de ontwikkeling van NASH.

Metabole ontsteking in het vetweefsel speelt mogelijkerwijs een belangrijke rol 
in de ontwikkeling van metabole complicaties, zoals NAFLD en insuline resistentie 
(een van de voortekenen van diabetes). Daarom hebben we in hoofdstuk 3 
onderzocht of het therapeutisch behandelen met rosiglitazone, een antidiabetica 
met vermeende anti-inflammatoire effecten in het vetweefsel, de ontwikkeling van 
NAFLD kan verminderen in obese LDLr-/- muizen. De behandeling met rosiglitazone 
leidde tot een verbetering van diabetes symptomen (d.w.z. een verlaging van 
glucose en insuline concentraties in het bloed). Parallel daaraan zagen we een 
verminderde ontsteking in het perigonadale vetdepot en verlaagde concentraties 
van verschillende circulerende pro-inflammatoire adipokines. In de lever zagen we 
een afname van steatose, en consistent met de rol van het ontstoken vetweefsel in 
de ontwikkeling van leverontsteking, observeerden we een verminderde activiteit 
van ontstekingsgerelateerde processen in de lever. Rosiglitazone had echter geen 
effect op de ontwikkeling van obesitas. Mogelijk zorgde de veranderde vetopslag 
in het lichaam (door het stimuleren van de aanmaak van vetcellen in het ‘veilige’ 
onderhuidse vetdepot) voor de vermindering van de ontstekingsgraad in het 
perigonadale vetdepot en de daarmee geassocieerde NAFLD ontwikkeling.

Er wordt gedacht dat activatie van een bepaalde chemokine receptor (CCR2) een 
belangrijk onderdeel vormt in het initiëren van de ontstekingsreactie in metabole 
ziekten. Deze receptor is namelijk onder andere betrokken bij de infiltratie van 
immuuncellen (zoals macrofagen) in het vetweefsel en de lever. Daarom hebben we 
in hoofdstuk 4 de effecten van een CCR2 interventie bestudeerd op de ontwikkeling 
van NASH in een muismodel met dieet geïnduceerde obesitas. Deze interventie 
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werd gestart op verschillende tijdstippen (vroeg en laat) in de ziekteontwikkeling 
om zo te onderzoeken of een CCR2 antagonist NASH kan verminderen. Deze 
studie laat zien dat de vroege ziekteverschijnselen, d.w.z. insuline resistentie en 
vetweefselontsteking, alleen verbeterd werden wanneer er in een vroeg stadium 
behandeld werd met de CCR2 antagonist. Daarnaast zagen we dat zowel de vroege 
als late behandeling gunstige effecten kan hebben op de mate van leverontsteking, 
echter leidde alleen de vroege behandeling tot uitgesproken histologische effecten 
in de lever. Deze resultaten suggereren dat alleen vroegtijdig behandelen met een 
CCR2 antagonist effectief is tegen NASH.

In hoofdstuk 5 bestudeerden we de effecten van een interventie gericht op het 
NLRP3 inflammasome, één van de sensoren van metabole overbelasting, op de 
ontwikkeling van NAFLD. Om dit te onderzoeken zijn obese LDLr-/-.Leiden muizen 
behandeld met een caspase-1 remmer. Deze interventie had geen effect op de mate 
van obesitas of de vetweefselmassa in de muizen, maar verminderde wel de ontsteking 
in het perigonadale vetweefsel en parallel daaraan nam de algehele insuline resistentie 
af. Bovendien zorgde de behandeling voor een verminderde ontwikkeling van NAFLD 
wat te zien was aan de afname van steatose, ontsteking en fibrose in de lever. Dit 
suggereert dat beïnvloeding van het inflammasome een belangrijk aangrijpingspunt 
kan zijn voor het behandelen van insuline resistentie en NAFLD.

Naast de genoemde farmacologische interventies in hoofdstukken 3-5, 
onderzochten we in hoofdstuk 6 de potentiële waarde van een voedingsinterventie 
op het verminderen van metabole ontsteking en ziekteontwikkeling. In dit hoofdstuk 
hebben we laten zien dat (isocalorische) vervanging van diëtair verzadigd vet 
met pompoenzaadolie, dat rijk is aan meervoudig onverzadigd vetzuren, de 
ontwikkeling van dyslipidemie verminderd in ApoE*3Leiden muizen. Daarnaast 
had de pompoenzaadolie gunstige effecten op NASH en de daarmee geassocieerde 
atherosclerose (de basis voor vele cardiovasculaire aandoeningen). Bovendien vonden 
we dat de ongeraffineerde variant van de pompoenzaadolie (dat fytochemische 
stoffen met vermeende anti-inflammatoire effecten bevat) nog bijkomende gunstige 
effecten hadden op het vetmetabolisme en ontsteking in de lever, wat leidde tot een 
uitgesproken vermindering van NAFLD en de daarmee geassocieerde atherosclerose 
ontwikkeling.
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In hoofdstuk 7 zijn de verschillende manieren van vetstapeling in de lever 
bestudeerd, om meer inzicht te krijgen hoe leververvetti  ng kan leiden tot 
leverontsteking. Vetstapeling in de lever kan men op histologisch niveau onderverdelen 
in twee vormen van steatose, namelijk macrovesiculaire steatose en microvesiculaire 
steatose. Macrovesiculaire steatose wordt gekenmerkt door de aanwezigheid van 
één grote vetdruppel in een lever cel, terwijl microvesiculaire steatose bestaat uit 
grote hoeveelheden kleine vetdruppeltjes in een lever cel. Metabole overbelasti ng 
kan resulteren in zowel macrovesiculaire steatose als microvesiculaire steatose. Het 
is echter onbekend welke manier van leververvetti  ng bijdraagt aan de ontwikkeling 
van NASH. Om dit te kunnen onderzoeken hebben we de mogelijke relati e tussen 
de verschillende steatose types en de ontwikkeling van leverontsteking bestudeerd 
in verschillende experimentele NASH modellen (in ApoE*3Leiden.CETP, C57BL/6J en 
LDLr-/-.Leiden muizen). Hierbij vonden we een sterke positi eve correlati e tussen de 
mate van macrovesiculaire steatose en leverontsteking, maar niet bij microvesiculaire 
steatose, in de verschillende muismodellen voor NASH.

Samenvatt end, dit proefschrift  beschrijft  dat metabole ontsteking een belangrijke 
rol speelt in de ontwikkeling van metabole ziekten zoals insuline resistenti e, niet-
alcoholische vetleverziekte (NAFLD) en atherosclerose. Bovendien is aangetoond 
dat het vetweefsel een oorzakelijke rol kan hebben in de progressie van obesitas 
geassocieerde NAFLD. Mogelijk draagt de ontstekingsgraad in het vetweefsel bij 
aan de uitscheiding van specifi eke pro-infl ammatoire factoren (zoals cytokines 
en vetzuren) die de lever kunnen beïnvloeden. Bij de ontwikkeling van metabole 
ontsteking in het vetweefsel lijkt niet de totale hoeveelheid vetmassa van belang 
te zijn, maar eerder de manier waarop overtollige energie wordt opgeslagen 
(bijvoorbeeld door het groter laten worden van bestaande vetcellen). Niet alleen 
de manier van vetstapeling in het vetweefsel, maar ook de wijze van vetstapeling 
in de lever zelf (d.w.z. meer macrovesiculaire steatose), kan betrokken zijn bij de 
ontwikkeling van metabole ontsteking in de lever. Tenslott e hebben we aangetoond 
dat interventi es gericht op het onderdrukken van de metabole ontsteking waardevol 
kunnen zijn om de ziekteontwikkeling te voorkomen of vertragen.
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haar promotieonderzoek werd zij gedetacheerd bij de afdeling Metabolic Health 
Research van TNO in Leiden onder de supervisie van Dr. Robert Kleemann. Het 
promotieonderzoek, waarvan de resultaten zijn beschreven in dit proefschrift, is 
afgerond in 2016.
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Het afronden van ‘mijn’ boekje was natuurlijk niet mogelijk geweest zonder de 
inzet en steun van een heleboel mensen. Daarom is een groot dankjewel aan 
iedereen die (direct of indirect) aan dit proefschrift heeft bijgedragen hier zeker op 
zijn plaats! Hierbij wil ik een aantal mensen in het bijzonder noemen:

Beste Robert, aan jou ben ik de meeste dank verschuldigd. Door je optimistische, 
enthousiaste, maar ook kritische blik leerde je me obstakels van het promoveren 
(die ik vooral zelf zag) te overwinnen. Bedankt voor je fijne begeleiding! Beste 
prof. van Bockel, Hajo, ook al zagen we elkaar niet vaak, ik heb je kritische blik 
en klinische inzichten ontzettend gewaardeerd. Verder gaat mijn dank uit naar de 
promotiecommissie: Dr. Joanne Verheij, Prof. Yvo Smulders en Prof. Louis Havekes, 
hartelijk dank voor het kritisch doorlezen en beoordelen van mijn proefschrift.

Anita, Hoekie, naast je wetenschappelijke bijdrage, wil ik je graag ook bedanken 
voor je goede adviezen, de nodige humor en ontspanning op de squashbaan. 
Elsbet, ik zou een heel hoofdstuk aan jou kunnen wijden om mijn dankbaarheid 
aan jou te tonen, maar het moet volstaan met een samenvatting: Bedankt voor 
je ‘commitment’ op het lab, je hulp bij ontelbare andere dingen, je smalltalk en 
je gezelligheid! Lars, bedankt voor je hulp bij de vele microarray analyses die 
een belangrijk deel van mijn proefschrift vormen. Peter, ik heb je grote interesse 
en betrokkenheid bij mijn onderzoek zeer gewaardeerd. Teake, bedankt voor je 
kritische blik en onze wetenschappelijke discussies. Karin, bedankt dat je altijd voor 
mij klaar stond, zowel binnen als buiten het lab. Wim en Erik, naast het vele werk in 
de dierstallen en op het lab, wil ik jullie ook bedanken voor de nodige gezelligheid, 
(ont)spanning bij het volleybal en het bijspijkeren van mijn muziekkennis.

Alle (oud)- TNO collega’s van de afdeling Metabolic Health Research: Adri, 
Ageeth, Angela, Anita, Anne S, Annemarie M, Anne-Marie Z, Arianne, Bea, Benno, 
Carla, Christa, Coen, Elly, Esther, Frans, Frits, Han, Hans, Herma, Ivana, Jan, Jessica, 
Joline, José, Kanita, Kirsty, Koen, Leslie, Lex, Marijke, Marjolein, Marrie, Mieke, 
Nanda, Natascha, Nicole, Pascalle, Reinout, Renate, Robert O, Roeland, Sabine, 
Sigrid, Simone, Susanna, Teun, bedankt voor jullie fijne samenwerking. Ook dank 
ik de collega’s van de afdeling endocrinologie van het LUMC voor hun gastvrijheid 
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tijdens de werkbesprekingen. Speciale dank gaat uit naar Prof. Patrick Rensen en 
Prof. Ko Willems van Dijk voor hun kritische wetenschappelijke blik.

Het spreekwoord ‘gedeelde smart is halve smart’ gaat zeker op bij promoveren. 
Hierbij zijn mede-AIOs onmisbaar! Susan, Lobke, Wen, Marianne, Rob, Martine en 
Anne, bedankt voor al jullie hulp, enthousiasme, gezelligheid en het luisterende 
oor dat ik af en toe nodig had. Kamergenote Martine, bedankt voor onze leuke 
samenwerking, met een aantal mooie artikelen als resultaat! Anne, wat ben ik blij 
dat zo’n lieve meid mijn paranimf wil zijn.

Lieve Thijs en Saskia, bedankt voor onze fantastische (en hopelijk nog 
eeuwigdurende) vriendschap, waarbij spontaniteit en genieten (van eten) hoog in 
het vaandel staan! Lieve oudbestuurtjes, Adriëtte, Anne Margriet, Thijs, Bennet 
en Menno, ik verheug me op onze reünie bij mijn promotie. LST-vriendinnen: 
Marieke, Petra, Marjon, Tryanda, Aukje, Simone en Else, dank jullie wel voor de 
leuke en gezellige etentjes. Speciale dank aan Else, voor het altijd klaarstaan en 
je grote enthousiasme om samen nieuwe hobby’s te ontdekken. Ook dank voor 
het introduceren aan de leuke mensen van de boekenclub: Henk, Roselin en Joy. 
Henk, ooit zal ik je verblijden met 400 brieven van dankbaarheid. Roselin en Joy, 
dankjewel voor jullie blik in de wondere werelden van de geneeskunde.

Lieve pap en mam, bedankt voor alle kansen die jullie mij hebben gegeven en 
voor het altijd klaarstaan. Lieve Fabian, ik ben blij dat ik zo’n trotse broer naast 
mijn zijde heb staan tijdens mijn promotie. Bedankt dat je mijn paranimf wilt zijn 
en de ontelbare andere dingen die je voor me doet. Liebe Kleiners, es freut mich 
wahnsinnig das ihr für meine Verteidigung ‘ufe’ fahren! Mijn schoonfamilie, Piet, 
Diny, Annette en Michiel, bedankt voor jullie interesse. Ik voel me erg thuis bij 
jullie.

Lieve Adeen en Floor, jullie zijn een bron van energie voor mij, bedankt voor 
jullie gezelligheid. Lieve Rob, samen met jou kan ik de hele wereld aan. Bedankt 
voor al je liefde, steun, relativering, lieve woorden en nog zo veel meer. 



      The contribution of m
etabolic and adipose tissue inflam

m
ation to non-alcoholic fatty liver disease   

       Petra M
ulder

The contribution of metabolic and 
adipose tissue inflammation to 
non-alcoholic fatty liver disease

Petra Mulder

Uitnodiging
Voor de verdediging van 

mijn proefschrift

The contribution of 
metabolic and adipose 
tissue inflammation to 

non-alcoholic fatty liver 
disease
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van harte welkom om het 
'lekenpraatje' bij te wonen 
om 15.15 uur in zaal 2 van 

het academiegebouw.

Na afloop van de promotie 
is er een receptie in Café de 
Keyzer op de Kaiserstraat 

2-4 te Leiden.
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