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 Every organism needs energy to survive. The Western lifestyle has evolved in 
such a manner that humans often have the opportunity to consume energy in excess – and 
they readily do so. The human body is prepared for this and can store excess energy in 
the form of triglycerides, the main constituent of body fat. This fat can be easily observed 
when situated subcutaneously or even viscerally, and is much harder to spot when located 
inside organs, where negative consequences may be greater.

A brief history of fatty liver disease
Fatty liver disease (FLD) is characterized by abnormal hepatic triglyceride deposition, 
also known as hepatic steatosis, a histology first described by Addison in 1836 [1]. In the 
decades that followed these histological changes were mostly attributed to alcohol abuse. 
It was half a century later when an association between obesity and FLD was reported 
[2], and an official distinction between alcoholic and non-alcoholic fatty liver disease 
(NAFLD) was made only in the 1980s [3].

In the late 20th century, it was shown that NAFLD was strongly related to insulin 
resistance and appears as a “feature of metabolic syndrome” [4,5]. As the understanding 
of underlying pathogenic processes that lead to NAFLD increased, namely metabolic 
dysfunction, it became a separate disease with its own set of diagnostic criteria. In 2020, 
the new name metabolic-(dysfunction) associated fatty liver disease (MAFLD) was 
proposed[6].

In 2021, approximately 25% of the global population has MAFLD, rendering it the most 
common liver disease [7–9]. The first stage of MAFLD, hepatic steatosis, is considered 
to be relatively benign [10,11]. However, in 20% of patients, the disease progresses to an 
inflammatory state (previously named non-alcoholic steatohepatitis, NASH) [12–14]. Left 
untreated, this can cause the liver to become fibrotic and eventually cirrhotic or cancerous 
[8,15,16]. The large clinical and economic burden of MAFLD emphasize the need for 
appropriate treatment, which is not currently available [9,17].

Metabolic disorder
The enormous rise in MAFLD prevalence in the past decades is no surprise, as it 
merely parallels the prevalence of other metabolic disorders such as type 2 diabetes and 
cardiovascular disorder [18–20]. The most frequently observed component of metabolic 
disorder is abdominal obesity [21,22], also known as adiposity, which affects the liver in 
various ways [10,22].
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Adipose tissue and the liver interact with each other (Figure 1). The nature of this 
interaction depends on the state of the body, i.e. lean or obese. In a lean state, adipocytes 
release fatty acids (FAs) [20,23] that can be used by the liver to form very-low-density 
lipoproteins (VLDLs) [24,25], by which the liver can excrete triglycerides and distribute 
it to other organs [26]. Adipocytes can also stimulate the catabolism of fatty acids to yield 
energy [27]. Together, these processes lead to a clearance of triglycerides from the liver.

This interaction is different in an obese state. To store excess energy, adipocytes undergo 
remodeling that is paired with extracellular matrix deposition and mitochondrial 
dysfunction [20,23]. These processes contribute to the release of pro-inflammatory 
cytokines, called adipokines, by tissue-resident macrophages [22,23,28], promoting 
systemic inflammation [12] and insulin resistance [20,29]. Additionally, adipocytes release 
high amounts of fatty acids, which are subsequently stored in hepatocytes [20,24,27]. 
These factors lead to increased hepatic steatosis and inflammation.

The balance between storage and clearance of triglycerides is tightly regulated by insulin 
[24,25,30]. Insulin resistance is recognized as the key feature of metabolic syndrome 
[27,31], and as such, a major player in MAFLD development. Systemic insulin resistance 
is an inability of insulin to reduce blood glucose levels, which results in hyperglycemia 
[31]. In the liver, insulin is unable to suppress hepatic gluconeogenesis [27,32], resulting in 
hyperglycemia even when fasting [30]. In short, insulin resistance leads to increased levels 
of glucose, everywhere and always. 

Figure 1. Simplified overview of liver-adipose tissue cross-talk in lean and obese states. Compared to a 
lean state, in an obese state adipose tissue releases more free fatty acids (FFA). These FFA are then stored 
in the liver as triglycerides, and not secreted by the liver in the form of very-low-density lipoproteins 
(VLDLs), which leads to hepatic steatosis. This, together with increased adipokine release, contributes to 
insulin resistance and metabolic-associated fatty liver disease.
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Furthermore, high levels of insulin promote hepatic de novo lipogenesis (DNL): formation 
of new fatty acids using substrates such as glucose [33,34]. Under normal circumstances 
this process is regulated by need, and in the presence of excess carbohydrates and fatty 
acids it is up-regulated [33,35]. Importantly, byproducts of DNL can inhibit catabolism of 
fatty acids [15,23,36], which further worsens the imbalance between lipid accumulation 
and clearance. In MAFLD patients, roughly a quarter of all liver fat stems from de novo 
lipogenesis [19,24,33,37,38].

In brief, hepatic steatosis is the result of a misbalance in lipid metabolism, which leans 
toward uptake and synthesis instead of oxidation and secretion of fatty acids. This 
misbalance is closely intertwined with obesity, and more specifically with the related 
abundant availability of sugars and fatty acids.

Diet
Fifteen percent of fat in the liver can be attributed directly to consumption, and the 
substrates needed for de novo lipogenesis are also provided by a hypercaloric diet 
[24,33,35]. Therefore, in the major part of MAFLD-patients, diet is considered to be the 
cause of their disease. The industrial revolution has resulted in rapid dietary changes 
with which the human body cannot keep pace [39–41]. These dietary changes are largely 
limited to two important dietary constituents: carbohydrates and fats [42,43]

Carbohydrates
Carbohydrates make up a large part of the human diet and are an important driver of de 
novo lipogenesis. The monosaccharides glucose and fructose are the main substrates for 
newly synthesized fatty acids.

Mere decades ago, high-fructose corn syrup (HFCS) was invented. This mixture of fructose 
and glucose quickly gained popularity and nowadays can be found in nearly all packaged 
food in the United States [39,44], with other nations following in their footsteps. Fructose 
is cleared almost entirely by the liver [45]. The saccharide stimulates DNL independently 
of insulin, and is associated with increased plasma TG and decreased VLDL clearance 
[46,47]. Both glucose and fructose metabolism can lead to oxidative damage, cytokine 
production, and lipid peroxidation [12,33,45]. With their pro-steatotic and inflammatory 
properties, it is no surprise that these saccharides are proposed drivers of MAFLD and its 
progression [13,46,48].
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Dietary fibers are a type of carbohydrate that cannot be metabolized by humans. Instead, 
they are fermented by bacteria in the colon. This process generates bioactive short-chain 
fatty acids (SCFAs), mainly acetate, propionate, and butyrate, which can act locally or be 
transported to e.g. the liver [49]. Consumption of high fiber diets has been linked to the 
amelioration of the metabolic syndrome [50]. Butyrate especially has been implicated in 
this effect, likely due to its ability to increase fatty acid catabolism, and decrease lipid 
synthesis and inflammation. Although the mechanisms through which butyrate exerts 
these effects are not fully understood [51–56], animal studies suggest that a high-fat diet 
lowers butyrate levels [57], whereas high butyrate levels prevent MAFLD and progression 
to NASH [58–61].

Fatty acids
Evidence increasingly points to the quality of fatty acids, not just the quantity, as a risk 
factor for MAFLD [62]. Dietary FAs, different from SCFAs, can be stratified by degree 
of saturation (Figure 2), namely saturated (SFA), mono-unsaturated (MUFA), and 
polyunsaturated fatty acids (PUFAs).

The most abundant SFA is palmitic acid, of which the lipotoxic effects have been well 
documented [12,28,63,64]. Free saturated fatty acids induce mitochondrial dysfunction, 
and thereby impair lipid catabolism and increase the formation of reactive oxygen species 
(ROS) [65–67]. ROS can act as a signaling molecule that provokes the upregulation of 
cytokine production [68]. Therefore, it is expected that this mechanism plays a role in the 
inflammation associated with MAFLD progression [69]. The negative effects of free fatty 
acids can be mitigated by incorporation into triglycerides, which are difficult to form with 
only SFA [70]. Unsaturated fatty acids, of which the MUFA oleic acid is most common, aid 
incorporation of SFA into TG. The levels of both SFA and MUFA are elevated in MAFLD 
patients [63], and especially SFA consumption shows a strong correlation with hepatic 
steatosis [71]. 

Figure 2. Schematic representation of different classes of fatty acids. (1) Saturated fatty acid palmitic acid 
(16:0), (2) monounsaturated fatty acid oleic acid (18:1), (3) polyunsaturated fatty acid α-linolenic acid (18:3 
n-3), (4) polyunsaturated fatty acid γ-linolenic acid (18:3 n-6).
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Polyunsaturated fatty acids are categorized by the position of the first unsaturation. The 
number of carbon atoms this unsaturation is removed from the methyl end (n) of the fatty 
acid is described by either omega (ω) or n. Among the PUFA classes, n-3 and n-6 are the 
most biologically relevant [41]. A century ago, the ratio between n-6 and n-3 consumption 
was about ~1:1. Since the introduction of processed foods, this shot up to a ratio of ~16:1 
[40,41]. The liver is one of the few organs able to metabolize PUFAs, and the organ is very 
susceptible to their effects. Through complex mechanisms, both PUFA classes play a role in 
the regulation of hepatic DNL, MUFA synthesis [72–74], and catabolism of fatty acids [75]. 
Especially the n-3 class is thought to positively affect these processes and reduce hepatic 
steatosis [76,77]. Oxidative metabolism of PUFAs by lipoxygenases eventually leads to the 
formation of eicosanoids [78]. The effects of these metabolites differ for n-3 and n-6. The 
expectation is that metabolites derived from n-3 reduce inflammation [79–82], whereas 
those derived from n-6 PUFAs induce inflammation and are linked to increased MAFLD 
severity [83,84].

All of the discussed dietary components can play a role in the accumulation of triglycerides 
that is characteristic of metabolic-associated fatty liver disease (Figure 3). Additionally, 
they can contribute to the progression of the disease to steatohepatitis and beyond. In 
short, MAFLD is not just a disease of excess calorie consumption but also the type of 
ingested macronutrient matters. 

Figure 3. Summary of potential interactions between dietary substrates and the liver that promote or 
reduce steatosis. MUFA = monounsaturated fatty acid, PUFA = polyunsaturated fatty acid, SCFA = short-
chain fatty acid, SFA = saturated fatty acid.
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Possible mechanisms
Dietary substrates and metabolic disorder contribute to an imbalance in hepatic 
metabolism that leads to hepatic steatosis. The resulting inflammation seems a critical 
factor in progression from steatosis to steatohepatitis, in which hepatocytes and Kupffer 
cells further aggravate systemic and hepatic inflammation by releasing pro-inflammatory 
chemokines and cytokines [12,37]. To define a suitable target for the treatment of MAFLD 
or NASH, it is crucial to know which pathways contribute to the misbalances in hepatic 
metabolism and inflammation [10].

Nuclear transcription factors
Peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear receptors 
that regulate the expression of genes related to lipid metabolism, energy homeostasis, 
and inflammation. Three types of PPARs have been identified, namely alpha, delta, and 
gamma, all of which can be activated by FAs and FA metabolites, and also by synthetic 
compounds [85].

PPARα is highly expressed in healthy liver and to a lesser extent in steatotic liver 
[86,87]. The transcription factor is the master regulator of lipid β-oxidation [88], and 
both are negatively correlated with MAFLD severity [86]. Additionally, PPARα has anti-
inflammatory effects [85,89], which were shown to be beneficial in simulated metabolic 
disorder [90]. The effects of the ubiquitously expressed PPARδ are much less understood 
[91,92]. This PPAR is present in immune cells as well as hepatocytes, and most likely 
reduces inflammation in hepatic steatosis [93]. In addition, its activation can aid in the 
recovery from chronic liver injury [94]. In line with the other PPARs, PPARδ plays a role 
in metabolism, as it modulates enzymes that trigger hepatic gluconeogenesis [95,96]. 
The most important PPAR regarding the synthesis of lipids is PPARγ, which is mainly 
expressed in adipose tissue and also in the liver, especially in that of MAFLD patients 
[86,91]. This is no surprise since PPARγ is upregulated by high-fat diets, excessive 
sugar intake, and insulin [89,91,97]. While the effects of PPARγ on metabolism are most 
thoroughly investigated, there is also evidence that shows its importance in mediation of 
inflammation [98]. In short, each of the different PPARs play a unique role in regulation of 
metabolic homeostasis and immune response.

Taking into account the important regulatory effects of PPARs in MAFLD instigation and 
progression, it makes sense that many experimental treatments for MAFLD are aimed at 
the transcription factors [99,100]. However, no pharmacotherapy has been approved for 
the treatment of MAFLD so far. Figure 4 depicts PPAR agonists that are in development 
for MAFLD or other indications in 2021. Many more agonists have ended up in the PPAR 
graveyard [101], as described by Hong et al [99] and Cheng et al [102]. 
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Figure 4. Overview of peroxisome proliferator-activated receptor (PPAR) agonists in trial or accepted 
for treatment of (liver) disease [95-98]. Discontinued and preclinical investigations were not included. 
Italics indicates approval only in Asia.

Retinoic acid receptors (RARs), much like PPARS, are nuclear receptors that regulate gene 
transcription and thereby influence metabolism, energy homeostasis, and inflammation 
[103,104]. The three different RAR subtypes (α, β, γ) are activated by vitamin A derivatives, 
especially all-trans retinoic acid [104,105]. The amount of vitamin A metabolites is reduced 
in MAFLD patients [106], and preclinical research shows potential anti-steatotic effects of 
vitamin A supplementation [107]. For example, all-trans retinoic acid increases fatty acid 
oxidation [108,109] and decreases de novo lipogenesis [110]. Moreover, RAR-activation can 
lead to PPARδ activity [111], which results in altered energy metabolism [108,109]. This 
makes RAR-ligands, and restoration of vitamin A (metabolite) levels [107], an interesting 
approach to treat MAFLD.

Lipoxygenases
The link between disproportionate consumption of polyunsaturated fatty acids and liver 
disease has been thoroughly described [65,112]. Lipoxygenases (ALOXs) are key players 
in the metabolism of PUFAs [113], however, their contribution to liver disease has been 
investigated to a much lesser extent [114]. 

Lipoxygenases catalyze the peroxidation of PUFAs, thereby producing hydroperoxy 
derivatives which can subsequently be converted to eicosanoids and other metabolites 
[113]. These derivatives can be incorporated into triglycerides [115], and are ligands for 
the previously discussed PPARs [116]. As such, they play a role in the regulation of fatty 
acid synthesis and breakdown. N-3 PUFA metabolites can activate PPARα [117,118], by 
which fatty acid degradation is increased [88] and triglyceride synthesis is suppressed 
[74,119]. Metabolites derived from n-6 PUFA have the opposite effect, as these upregulate 
expression of PPARγ [113,116], through which the liver will favor lipid synthesis 
over catabolism [91]. These effects suggest an important role for lipoxygenases in the 
development of early-stage fatty liver disease.
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Besides their interplay with lipid homeostasis, lipoxygenase products are precursors for 
bioactive metabolites such as leukotrienes, prostaglandins, and thromboxanes [113,120]. 
Depending on the PUFA used as the original substrate, the metabolites produced by 
lipoxygenases can have either pro- or anti-inflammatory effects [113,115]. In the context of 
fatty liver disease, this means lipoxygenase activity could result in amplified inflammation 
and faster progression to steatohepatitis [78]. In line with increased n-6 PUFA consumption, 
metabolomics analyses show increased amounts of lipoxygenase products in serum of 
MAFLD patients, which are correlated to disease severity [65,121,122]. 

While their biological relevance makes lipoxygenase products an interesting biomarker to 
identify MAFLD and NASH, it also makes lipoxygenases a viable therapeutic option [78]. 
The inclusion of lipoxygenases as a target in MAFLD is relatively recent, and therefore the 
principle has only been evaluated in preclinical studies. So far, these studies show that 
lipoxygenase inhibition leads to decreased hepatic inflammation [123,124] and steatosis 
[78,125,126].

Ideally, treatment for MAFLD targets crucial mechanisms of the disease [37]. Even though 
several theories about the mechanisms that play a role in the onset and progression of 
MAFLD have been proposed, the disease is still not fully understood [10]. The importance 
of peroxisome proliferator-activated receptors and lipoxygenases in MAFLD is clear, 
making them potential therapeutic targets.

Preclinical research and translation
The prevalence of MAFLD raises the need for an improved understanding of 
pathological mechanisms and the development of appropriate treatments. While several 
pharmacological interventions showed promising preclinical results, to date none 
have passed clinical trials [17]. This problem might stem from the lack of translation 
of preclinical results to human disease [127,128], which underlines the importance of a 
reliable model for MAFLD.

Before entering clinical trials, potential treatments have to undergo preclinical evaluation. 
The accuracy of this evaluation undeniably depends on the chosen experimental model 
[129,130]. Preclinical researchers often pride themselves on the predictive value of their 
experimental set-up [131]. However, an ideal in vitro or in vivo model is not just predictive 
but similar to the human disease [132]. As such, a superior experimental model should go 
beyond sharing some characteristics and preferably has the same cause, symptoms, and 
treatment options as the disease of interest.
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Despite ethical and scientific concerns regarding animal testing, in vivo studies remain 
the standard before commencing with human trials [128,133]. The major scientific 
limitation of animal testing is species difference which makes it impossible to accurately 
simulate human pathologies [131,134]. Importantly for MAFLD, species differences 
are not just limited to anatomy and physiology [135], but also affect the expression of 
crucial transporters and metabolic enzymes [136,137]. For example, PPARα expression 
and responsiveness differs between rodents and humans [138,139], which complicates the 
extrapolation of preclinical results.

Besides physiological dissimilarities, disease similarity is far to be found in animal 
models [140,141]. While genetic in vivo models certainly contribute to knowledge about 
important mechanisms, they do not reflect the situation in most MAFLD patients [127]. 
Where the extent to which in vivo animal models reflect mechanisms of human MAFLD 
is questionable [15,127,134], dietary models such as a high-fat diet more closely resemble 
the cause of metabolic syndrome in human disease [127,140]. Diets combined with 
deprivation of methionine and choline, nutrients that are essential for clearance of lipids, 
lead to high intrahepatic lipid accumulation and tissue damage (e.g. choline-deficient 
L-amino defined (CDAA) and methionine choline-deficient (MCD) diet) [142]. However, 
they show a dissimilarity in the main risk factors for MAFLD development, such as 
weight loss and insulin resistance [127,140] which are often targets of prospective MAFLD 
treatments. Taking these limitations and inconsistencies into account, it is no surprise that 
most drugs end up failing in clinical trials despite positive preclinical outcomes. 

The lack of predictive value of animal models substantiates the importance of the “three 
R” principles, more specifically refinement, reduction, and replacement of animal testing 
[128,143]. The ultimate goal is to replace animal-based research with other methods, such 
as cell cultures or computer-based models.

In vitro models are easy to manipulate and increasingly employed to elucidate molecular 
mechanisms of disease [144]. The human in vitro models for MAFLD can be divided into 
simple and complex cultures, of which a simplified overview is given in Figure 5. Simple 
cultures encompass immortalized cell cultures (ICC), primary cell cultures (PCC), and co-
culture models (CCM) which can contain both immortalized and primary cells [134,145]. 
In contrast to primary cells derived from human material, all immortalized cell lines are 
easy to come by and have relatively high reproducibility. While low reproducibility is often 
considered a limitation of an experimental model, it is the only way to be representative 
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for the human population that is not homogeneous in the slightest. Of course, it is a big 
advantage to have a model based on human cells or tissue, however, this advantage is 
innately linked to the disadvantage of scarce availability of fresh human tissue and ethical 
dilemmas regarding use of material without clear approval of the donor (e.g. HeLa cells 
[146]) [134,145]. 

In vitro models often lack certain cell types and the intracellular communication that is 
essential in MAFLD [37,134]. The advantage of CCMs is that though they do still not fully 
resemble the architecture and intercellular communication that is present in tissue in vivo, 
they are a big step forward from single-cell type cultures [134]. Complex cultures, such 
as organoids and spheroids (3D) and especially precision-cut liver slices (PCLSs) more 
closely resemble the in vivo organ architecture [145,147].

Precision-cut liver slices preserve the cellular diversity of the liver as found in vivo, by 
which intracellular communication is retained [148]. PCLSs have been used to model 
various diseases, such as fibrosis [149], and are a promising alternative to simple cell 
cultures or animal models in the search for an appropriate MAFLD model
In short, the lack of translation of preclinical to clinical results might stem from a 
discrepancy between used models and the pathophysiological status of MAFLD patients. 
Understanding of disease mechanisms, as well as drug development, would be expedited 
with a mechanistically accurate study model for metabolic-associated fatty liver disease.

Figure 5. Simplified overview of advantages (+) and disadvantages (-) of several in vitro models. ICC = 
immortalized cell culture, PCC = primary cell culture, CCM = co-culture model, 3D = spheroid/organoid, 
PCLSs = precision-cut liver slices.
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Scope of this thesis
The increased prevalence of metabolic-associated fatty liver disease combined with 
the absence of approved therapeutic options emphasizes the need for expedited drug 
development. Therefore, an accurate disease model with improved predictive value is 
required. To that end, this thesis explores the use of precision-cut liver slices to study the 
development and treatment of metabolic-associated fatty liver disease (Figure 6).

Part I: Induction 
To mimic metabolic disorder ex vivo, PCLSs were exposed to several media containing 
supraphysiological amounts of sugar, insulin, and fatty acids. Part I describes the ability 
of PCLSs to mimic hallmarks of MAFLD after short-term incubation. A pilot study shows 
the induction of hepatic steatosis in rodent tissue (Chapter 2), which is further executed 
and characterized in donated human liver tissue (Chapter 3).

Part II: Amelioration 
Part II describes the use of these steatotic PCLSs to investigate potential dietary and 
pharmaceutical strategies. Chapter 4 explores the effects of polyunsaturated fatty acids 
and lipoxygenase activity on MAFLD in human PCLSs. The use of short-chain fatty 
acid butyrate to reduce steatosis in murine PCLSs is investigated in Chapter 5. Another 
experimental approach is described in Chapter 6, where fibrates and all-trans retinoic acid 
are employed in an attempt to improve MAFLD in human PCLSs through PPAR and RAR 
signaling.

The thesis concludes with Chapter 7 where important findings, limitations, and future 
perspectives related to MAFLD-PCLSs are discussed.

Figure 6. Schematic representation of the scope of this thesis. Ch. = chapter, H = human, M = mouse, 
R = rat, MAFLD = metabolic-associated fatty liver disease, PCLS = precision-cut liver slice, PUFA = 
polyunsaturated fatty acid, SCFA = short chain fatty acid.
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