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Introduction
The work presented in this thesis focuses on the development of an ex vivo model for 
metabolic-associated fatty liver disease (MAFLD, previously known as non-alcoholic fatty 
liver disease; NAFLD) and its applicability for the study of dietary and pharmaceutical 
interventions. This general discussion provides a framework for the results of this thesis, 
broadens the view on MAFLD (preclinical) drug development, and identifies challenges 
and opportunities to improve it. 

Challenges in MAFLD
The prevalence of metabolic syndrome and adiposity has increased drastically over the 
past decades [1–5]. This abnormal metabolic state is paired with systemic inflammation 
and affects many organs, including the liver [5,6]. Over time awareness of the harmful 
effects of metabolic-associated fatty liver disease has grown [7–11], and hepatic fat 
accumulation is no longer considered ‘simple steatosis’. In fact, it is this initial state that 
is thought to prime the liver for inflammation, fibrosis, even cirrhosis and hepatocellular 
carcinoma [10–12]. At the moment of writing, metabolic-associated fatty liver disease is 
on the way to becoming the leading cause of liver transplantation.

There are several reasons for the uncontrolled increase in MAFLD patients, among which: 

1. Increased accessibility to and affordability of food, which has led to increased calorie 
consumption in the Western world [13–16]. 

2. Advances in food science, which have a) lowered the cost of food production and b) 
altered compositions of foods and thereby diet [16]. This led to increased consumption 
of carbohydrates, in the form of e.g. high-fructose corn syrup and sucrose [17,18], 
and fatty acids, which can be saturated and unsaturated [15,19,20], or cis and trans, 
but most importantly their balance is off. The bottom line is that these changes in 
diet composition individually and together are risk factors for obesity and MAFLD 
[21,22].

3. Delayed diagnosis of fatty liver disease, which is often only discovered upon disease 
progression to a state where patients experience discomfort [23]. To catch this disease 
long before irreversible liver damage sets in, it might be wise to screen adipose patients 
without any other symptoms. However, the golden standard to identify MAFLD is 
to histologically determine hepatic fat accumulation through invasive liver biopsy 
[24]. Attempts are made with non-invasive echoes instead, but its results are less 
accurate. Many research efforts focus on the identification of appropriate biomarkers 
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for MAFLD and non-alcoholic steatohepatitis NASH [23,25,26]. Unfortunately, 
so far none of these have discovered a marker that is useful in routine diagnostic 
procedures or experimental clinical trials. Availability of biomarkers would therefore 
aid both MAFLD diagnosis and anti-MAFLD drug development.

4. Low adherence to the only approved therapy of MAFLD. As lifestyle and most 
importantly diet are the roots of the problem, amelioration thereof can prevent and, 
in most cases, solve it [27]. Alas, lifestyle changes are difficult to adhere to as observed 
from the dramatically low patient compliance. 

The high prevalence and lack of available therapy make anti-MAFLD pharmacotherapies 
an interesting field of research. In the past years, several clinical studies have been 
performed, but none yielded drugs with the potential to be used in the clinic. 
The disease state with the worst prognostics, non-alcoholic steatohepatitis (NASH) is the 
main focus of clinical trials. NASH is a state of fatty liver disease that has progressed 
to involve inflammation and fibrosis, which possibly results from hepatic stellate cell 
activation by MAFLD-induced cellular damage. Generally accepted primary endpoints 
are the resolution of NASH without worsening fibrosis and vice versa [27,28] but hepatic 
fat accumulation is rarely included [28].

Although the association between fibrosis and NASH is clear [29], fibrosis is not the only 
predictor of long-term mortality, and resolution of NASH is not necessarily correlated 
to reduced fibrosis [27]. Moreover, hepatic fat accumulation is an important factor in the 
earlier stages of the disease, and reduction of steatosis could prevent progression to NASH. 
Therefore, the aforementioned endpoints that focus on steatohepatitis and fibrosis are not 
optimal to determine the effectiveness of anti-MAFLD therapies. Better suited markers 
for this purpose could be hepatic triglyceride measurements or yet-to-be-identified 
serum markers. Identification of novel MAFLD and NASH markers is complicated by 
a lack of knowledge about disease mechanisms. The latter might also partly explain the 
unsuccessfulness of anti-NASH therapies in clinical trials after preclinical success. 

Preclinical models of MAFLD
Fortunately, many research efforts are dedicated to the study of MAFLD. As such, a 
variety of in vivo and in vitro models aimed to simulate the disease has become available. 
In these models, induction of artificial MAFLD may be achieved genetically, chemically, 
or dietary [30–32]. 
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The perfect study model for human MAFLD does not exist, therefore researchers must 
identify the most appropriate and accurate model to answer their specific research question. 
Even within the study of MAFLD, varying models could be “the most appropriate”. For 
example, the interplay between adipose tissue and the liver is best studied in vivo, but 
cellular effects of DNA methylation in hepatocytes could be determined in a ‘simple’ cell 
culture.

The main goal of this thesis was to induce hepatic steatosis in a way that is most similar 
to MAFLD in humans, i.e. through simulating the effects of metabolic syndrome on the 
liver, while staying in line with the principles of the 3Rs (Replacement, Reduction, and 
Refinement of animal use), by using an ex vivo model.

Lipid accumulation is observed in primary human hepatocytes within hours after 
supplementation of only fatty acids [33]. This quality makes them one of the preferred 
models for MAFLD, but due to the limited availability of human material, this approach 
is not always feasible. That could be why HepG2 cells are the most widely used in 
vitro model to study MAFLD, despite their low expression of metabolic enzymes and 
hepatoma background [33]. To accurately simulate MAFLD, Kupffer cells and hepatic 
stellate cells (HSCs) are required [34]. These cell types instigate the inflammation and 
fibrosis that are characteristic of disease progression. Furthermore, cholangiocytes are 
subject to lipotoxicity just as hepatocytes, which may result in cholestasis and further 
promotion of fibrosis [35]. One could go on, but it is clear that the onset and progression 
of MAFLD is a dynamic process, in which all cell types of the liver play a unique role. 
Therefore, a more predictive MAFLD study requires an in vitro model that simulates the 
cellular composition and architecture of the liver.

Such models do exist, for example in the form of liver organoids, the liver-on-a-chip, 
and precision-cut liver slices. These models contain different hepatic cell types, which 
may be primary or induced, in an (artificial) 3D structure. Inherent to their preparation 
method, precision-cut liver slices (PCLSs) contain all liver cell types and retain cell-cell 
and cell-matrix interactions as they exist in vivo. The use of PCLSs is simpler than other 3D 
cultures, and their applicability in studies of liver fibrosis and cholestasis has been well-
described [36–40]. Therefore, in the context of the research presented in this thesis, PCLSs 
are superior to simple cell cultures and used to develop the MAFLD-model as described 
in part I of this thesis.
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Still, PCLSs are a model and like every model they have limitations. The following 
marginalia have to be taken into account when drawing conclusions from experiments 
performed with PCLSs:

1) Omnipresent species and experimental differences. 
Extrapolation of animal data, to human expectations, is a tricky business. Some species 
differences are very clear; for example, rats lack a gallbladder, which could alter their ability 
to handle bile acids and by extension fatty acids [41]. This might play a role in the reduced 
toxicity of palmitic acid and oleic acid in rat PCLSs, as compared to human and murine 
PCLSs (Figure 1A; Chapters 2, 3, and 5). Less obvious are the variations in expression and 
efficiency of receptors and enzymes [42–45], such as peroxisome-proliferator activated 
receptors (PPARs) that orchestrate lipid metabolism and inflammation [45–49], or sterol 
responsive element binding protein-1c (SREBP-1c; Srebf1) which is a key regulator of lipid 
synthesis [50]. These were especially important for the works presented in this thesis. 
Scarcity of human material anyway forces the occasional use of animal tissue (Chapters 2 
and 5), and this thesis identified important inconsistencies between MAFLD in the rodent 
and human liver. For example, crude data shows differences in expression of key genes 
Srebf1, Acetyl-CoA carboxylase 1 (Acaca), and PPARα-target Carnitine palmitoyltransferase 
1 (Cpt1, Figure 1B). These differences were observed in fresh tissue, i.e. before culture, but 
also after exposure to sugars, insulin and fatty acids. Possibly, the species differences in 
response to dietary components are partly responsible for the clear species differences in 
ex vivo induction of steatosis, i.e. the triglyceride accumulation is much greater in human 
tissue (Chapter 3) than in rodent tissues (Figure 1C; Chapters 2 and 5).

Species differences are overcome by the use of human liver tissue, however, the researcher 
is then faced with the extrapolation of in vitro to in vivo data and changes induced by 
culture alone. Previous studies show that the metabolic activity of PCLSs varies over 
time [40,51]. In vitro metabolism of compounds anyway varies, and in an attempt to see 
effects researchers often expose their model to experimental doses that far exceed the Cmax 
in humans [52]. This further complicates the extrapolation of (human) in vitro results to 
clinical value. 
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Figure 1: Species differences in ex vivo MAFLD development. (A-C) Differences between human (orange), 
rat (blue) and mouse (black) PCLSs before and after 24 and 48 hours of exposure to different culture media. 
Media are indicated as following: 0h = fresh tissue, CTR = control (25 mM glucose), HS = high-saccharide 
(36 mM glucose, 5 mM fructose, 1 nM insulin), HS+F = HS + 240:480 μM palmitic acid:oleic acid. (B-C) 
Due too high toxicity (A), murine PCLSs were treated with 120:240 uM palmitic acid:oleic acid. (A) ATP 
reductions in human (n = 4-7), rat (n = 3-8) and mouse (n = 3-6) PCLSs depicted as mean percentage of the 
average 24 hours CTR ± SEM. (B) Alterations in mRNA expression of lipogenic enzymes Srebf1 and Acc1, 
and marker of fatty acid oxidation Cpt1 in human (n = 3-5) and rodent (n = 3) PCLSs. Expression levels 
are shown as min-max uncorrected Ct values with a line at the median Ct value. Lower values indicate 
higher expression and vice versa. (C) Differences in intracellular triglyceride content of human (n = 8-17), 
rat (n = 3-4) and mouse (n = 3-9) PCLSs, shown as min-max percentage of the 24 hours species control, 
with a line at median percentage (A-B) Mixed effects two-way ANOVA was used to determine differences 
between species, one-way ANOVA was used to determine differences between media. (C) No statistics 
were performed on Ct values. p-Values are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 versus species CTR, 
#p < 0.05, ##p < 0.01 versus human PCLSs.

2) Innate downsides of experimentation with human tissue 
In addition to the benefits of the use of human liver tissue, this approach presents new 
drawbacks. First, differences in surgical procedures and transportation time from the 
site of donation to the laboratory could lead to variations in ischemia times and thereby 
tissue state. Second, the variation between humans is already much larger than the 
variation between animals used in experimental investigations (Figure 1). While the 
increased variation more accurately reflects the human population, it does increase the 
needed sample size and could make it difficult to draw useful conclusions. There was no 
information about general health status, gender, medication, lifestyle (e.g. diet, physical 
activity, alcohol consumption), or body mass index. As observed in Chapter 3, there 
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was baseline variation in the amount of inflammation and steatosis in liver tissue varied 
before treatment. Interdonor differences might have affected the effectiveness of the tested 
dietary and pharmacological interventions of MAFLD. For example, liver tissue used in 
this thesis might originate from donors with liver disease progressed to a stage where 
they were less responsive to the tested pharmacotherapies or culture media. Conversely, 
non-diseased tissue might have responded more strongly than the liver of a patient with 
established MAFLD would have. 

The variation between human liver tissues can be observed in this thesis in all chapters 
that present data from human PCLSs (Chapters 3, 4 and 6), in standard errors (“between 
the lines”) but most clearly in Chapter 3 which separates change in triglycerides of fatty 
and non-fatty livers without taking into account any other factors. Increased sample size, 
provided by increased organ donation for research, would heighten the predictive value 
of PCLSs. 

3) Limited ex vivo viability 
The effects of many metabolic changes and pharmaceutical interventions are time-
dependent. A major limitation of PCLSs culture is their rapid decline in viability and 
metabolic activity [51]. All PCLS cultures lasted either 24 or 48 hours. It is very optimistic 
to assume that representative non-alcoholic steatohepatitis, or MAFLD, would be 
induced in this timeframe, as in patients these pathologies take years if not decades to 
develop [53]. Thus, in PCLSs from healthy liver tissue, only acute or early-stage MAFLD 
can be simulated. In contrast, some acute markers dissipate over time. For example, TNFα 
release reaches its peak < 3 hours after an inflammatory stimulus, and is back to baseline 
after < 12 hours [54,55]. This might explain TNF mRNA levels were not altered after 24 
and 48 hours in Chapter 4. This effect is, to a lesser extent, also observed for release of IL-6 
and not for IL-1B [55,56]. This could be a reason for the time-dependent reduction of IL-6, 
but not IL-1B, in Chapter 6. Therefore, both on-line measurement of changes in PCLSs, 
such as PCLSs on a chip, as well as prolongation of possible culture time, for example by 
supplementation of serum or growth factors, would upgrade the PCLSs model. 

4) Suboptimal disease similarity with patients 
The suboptimal disease similarity is intertwined with the short culture time of PCLSs. 
In the current experiments, hepatic steatosis (over 400% in 48 hours) was induced by 
mimicking hallmarks of metabolic syndrome, i.e. hyperglycemia, hyperinsulinemia, and 
hyperlipidemia. Chapters 2 and 3 illustrate that insulin is crucial for the acute development 
of steatosis in PCLSs, but prevents toxicity induced by saccharides. The lack of insulin 
resistance (IR) makes these data only partly translatable to human disease. IR is the central 
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mechanism in MAFLD development and is responsible for chronic hyperinsulinemia 
which a) lowers glucose tolerance, which is not recapitulated in PCLSs, and b) together 
with the resulting hyperglycemia induces de novo lipogenesis (DNL), which is observed 
in PCLSs [57].

A prelude to insulin resistance is observed in Chapter 3, in the form of reduced 
adiponectin and increased in cytokine and chemokine release [58]. These changes mimic 
those observed in patients that develop IR, but this process can take several years [59–61]. 
While longer incubation times possibly could make IR attainable, a similar in vitro study 
based on primary human material shows that this still does not happen after a week 
[62]. Thus, pathophysiological induction of IR is currently not feasible in PCLSs. A better 
option would be to prepare PCLSs from liver tissue that is already insulin resistant, or 
steatotic. These tissues are obtainable and respond to artificial metabolic syndrome, as 
shown in Chapter 3, however, their use presents unique challenges.

First, it is more complicated to prepare PCLS from fatty livers than from non-fatty livers. 
One may compare this with thinly slicing butter submerged in liquid at 4 degrees Celsius. 
Second, because of the high fat content, the relative cell count of fatty liver slices is much 
lower as compared to normal liver slices of the same weight. This results in lower protein, 
RNA, and possibly also ATP levels. As ATP levels are accepted to confirm PCLSs viability 
[63,64], fatty liver slices would be determined non-viable despite changes in mRNA and 
triglyceride levels. Thus, improvements in precision-cut fatty liver slices preparation and 
culture would be a valuable addition to the available preclinical MAFLD-models.

5) Absence of organ interplay
An issue not just in preclinical studies, but also in clinical trials and diagnostics, is that 
hepatology focuses only on the liver, and the endocrinologist examines adipocytes. There 
is crosstalk between organs and tissues, and metabolic syndrome is a whole-body disease 
[3,6,65]. It is important to examine all of these organs and their communication because 
a pharmaceutical intervention for the liver might lose effect when metabolized by other 
organs, or worse, could have dramatic side effects.

Many (metabolic) processes are regulated by systemic changes and organ interplay. In 
MAFLD, adipose tissue releases adipokines and fatty acids that are crucial for disease 
progression. Though adipokine addition to the culture medium is an option, the dynamic 
interplay between the liver and other organs could not be mimicked in the PCLSs model. 
Though the liver is not a major endocrine organ, some hepatokines have been identified. 
Importantly, the liver produces fibroblast growth factor 21 (FGF21) [66–68], which is 
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induced by activated PPARα, and ketone bodies [69], that are synthesized from free 
fatty acids. These hepatokines affect metabolic syndrome, through altering e.g. insulin 
sensitivity [70], lipid catabolism, and inflammation [71–73]. The observed up-regulation 
of FGF21 (Chapters 3 and 6), and released cytokines (Chapters 3, 4 and 6), indicates that 
PCLSs did instigate intra- and extra-hepatic interactions.

The fact that organ interplay cannot be examined in PCLSs as used in this study, was a 
disadvantage but also an advantage, as this makes it possible to identify specific liver 
effects of substrates and compounds. When organ interplay is of interest, one might 
consider co-cultures of precision-cut tissue slices (PCTSs), for example using a chip-
model, or sequential culture of different PCTSs in media. 

In summary, Part I of this thesis proves that it is possible to induce hallmarks of MAFLD, 
i.e. steatosis, inflammation, and early fibrosis, within the discussed boundaries of PCLSs 
(Chapters 2 and 3). Transcriptional characterization shows that this results from increased 
de novo lipogenesis and reduced lipid catabolism (Chapter 3). Effects depend on culture 
medium composition and culture time, but exposure to a mixture of saccharides, insulin 
and fatty acids led to the most MAFLD-like phenotype.

Dietary supplements to alleviate MAFLD
Since it is possible to simulate MAFLD in PCLSs, a logical next step is the attempt to 
alleviate it. In the clinic, a treatment involving dietary supplements would be preferred 
over pharmaceutics, as with the latter the risk of side effects is greater. Three dietary 
components seemed promising additives in the prevention of MAFLD progression, 
namely vitamin A derivative all-trans retinoic acid, fiber-fermentation product butyrate, 
and polyunsaturated fatty acids (PUFAs). Therefore, their effects on MAFLD were 
examined using PCLSs.

Vitamin A
The liver plays a crucial role in vitamin A (retinol) metabolism and storage. Retinol 
is inactive but can be metabolized by retinol dehydrogenase and retinaldehyde 
dehydrogenases to form several biologically active retinoic acids (RAs) that activate 
retinoic acid receptors (RARs) [74,75]. This way, RAs control physiological processes 
including glucose metabolism, lipid metabolism, and inflammation [76]. Therefore, it is 
not surprising that these metabolites are implicated in MAFLD and other chronic liver 
diseases [77].
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Of the RA isomers, all-trans retinoic acid (atRA) is considered to be the most important, 
partially because it has low EC50s for all RAR-isoforms [74]. In healthy humans, the serum 
concentration of all-trans retinoic acid is ~3 nM [78]. Though clinical data concerning 
retinol and its metabolites in MAFLD patients versus healthy subjects are sparse, published 
work shows that hepatic steatosis is associated with reduced serum levels of retinoic acid 
[79,80], and reduced hepatic stores of all-trans retinoic acid (Figure 2A) [81]. Conversely, 
serum levels of retinol [82], and retinol binding protein (not included in Figure 2, but 
previously reviewed by Zhongwei et al [83]) seem to be either unaffected or increased with 
MAFLD and obesity [84,85]. Together, these data indicate that it is possibly not vitamin A 
deficiency but disturbed vitamin A metabolism that is associated with MAFLD [77]. 

Interestingly, in Chapter 3, ex vivo induction of steatosis in human PCLSs also led to 
reduced mRNA expression levels of several aldehyde dehydrogenases (ALDH) and 
retinol dehydrogenase (RDH), and increased mRNA expression of levels of Cytochrome 
P450 Family 26 Subfamily B Member 1 (CYP26B1) and CYP Family 2 Subfamily S Member 
1 (CYP2S1), which degrade (all-trans) retinoic acids (Figure 2B) [75]. These data suggest 
that exposure to metabolic syndrome-like culture media led to disturbed retinoic acid 
homeostasis in human liver tissue. 

Figure 2: Retinol in patients and human PCLSs. (A) Relative serum and liver levels of retinoic acid, 
all-trans retinoic acid, or retinol in healthy subjects (CTR) and MAFLD patients (MAFLD). Bars show 
the minimum to the maximum value, with a horizontal line indicating the mean. (B) Relative mRNA 
expression levels of aldehyde dehydrogenases (ALDH###), retinol dehydrogenase 12 (RDH12), 
Cytochrome P450 Family 26 Subfamily B Member 1 (CYP26B1), and CYP Family 2 Subfamily S Member 
1 (CYP2S1). Enzymes with known involvement in retinoic acid metabolism are underlined. Differential 
gene expressions (false discovery rate ≤ 0.01, absolute log[2] fold change ≥ 1) were determined after total 
RNA sequencing of human PCLSs (n = 6-7) cultured for 48 hours in media containing 36 mM glucose, 5 
mM fructose, 1 nM insulin, 240 μm palmitic acid, and 480 μM oleic acid (Steatosis) versus human PCLSs 
cultured for 48 hours in media containing 25 mM glucose and no other additives (CTR).
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In animal studies, supplementation of all-trans retinoic acid led to increased fatty acid 
catabolism [86,87], reduced de novo lipogenesis [86,88], and lowered hepatic triglyceride 
levels [89,90]. A detailed study explains these effects, as it proved that in the liver all-trans 
retinoic acid, through RARβ, induced FGF21 mRNA expression and activity which led to 
increased fatty acid oxidation and improved energy homeostasis [67]. These effects were 
recapitulated in human PCLSs (Chapter 6), where all-trans retinoic acid up-regulated 
mRNA levels of RARB, FGF21, and CPT1 (which controls mitochondrial fatty acid 
oxidation), and reduced intracellular triglycerides.

Chapter 6 shows the mitigating effects of atRA on hepatic steatosis. Unfortunately, atRA 
supplementation may also have adverse effects. AtRA has a high affinity for and exerts 
its effects through RARα and RARβ [67,74]. Via RARα, atRA can activate inducible 
NO synthase (NOS2) and thereby increase oxidative stress following an inflammatory 
stimulus [91,92]. Indeed, in human PCLSs, atRA also increased NOS2 mRNA levels 
(Chapter 6). The increased oxidative stress might be related to the used dose of all-trans 
retinoic acid (10 μM in Chapter 6), which far exceeds the daily recommended dose and 
normal serum values [78,93]. However, previous studies show such levels of atRA are 
needed to observe beneficial effects on hepatic steatosis [86]. Thus, all-trans retinoic acid 
supplementation in pharmacologically relevant doses may come paired with side effects. 
Moreover, atRA supplementation does not resolve the underlying problems in retinoic 
acid metabolism. To achieve the beneficial effects of RAR-agonism on hepatic steatosis, 
as observed in PCLSs (Chapter 6), while avoiding unwanted effects, future studies may 
consider the use of specific (synthetic) RAR-ligands or attempt to restore retinoic acid 
homeostasis by targetting enzymes involved in retinol metabolism. 

Dietary fiber
The diet consumed by MAFLD patients is often low in fiber, and increased intake of fiber 
has been linked to an improvement of metabolic syndrome [94–96]. Fiber-fermentation 
product butyrate can be used locally in the gut or transported to the liver [97]. In humans, 
only a small percentage (μM) of butyrate reaches the liver [98–100], but this is enough to 
influence metabolic health [101]. To prevent depletion, Chapter 5 examined the effects of 1 
mM butyrate on PCLSs. Increased concentrations of butyrate have been shown to induce 
lipid catabolism and reduce MAFLD progression in vivo [96,102–104], but, in PCLSs, did 
not lower hepatic triglycerides or increase fatty acid oxidation.

The liver produces different classes of metabolites, among which ketone bodies. Ketone 
bodies are synthesized from substrates such as butyrate in the fasting state. Most 
prominent is β-hydroxybutyrate, which can be used as fuel but also has transcriptional and 
biological effects, though not as potent as butyrate [105,106]. The activity of ketone bodies 



194

may lead to altered insulin sensitivity, suppression of lipid oxidation, and promotion 
of inflammation [105,107]. Therefore, starvation could alter the effects of butyrate in 
the liver. This status is easily simulated in PCLSs by alterations in culture medium. In 
Chapter 5, continuous exposure to control, high-saccharide, or high-fat medium did not 
affect the ability of butyrate to alter triglyceride levels. The absence of changes in hepatic 
triglyceride content after butyrate supplementation under these conditions may point to 
interorgan communication as the reason for lowered triglycerides in vivo. 

Polyunsaturated fatty acids
Polyunsaturated fatty acids (PUFAs) are a well-discussed player in metabolic health. 
As one of the most accessible organs, it is no surprise that the liver is highly exposed 
to and the primary site of metabolism for polyunsaturated fatty acids. Altered levels of 
PUFAs, specifically increased levels of n-6 PUFAs and decreased levels of n-3 PUFAs, 
correlate with MAFLD [21,22,108]. Alpha-linolenic acid (ALA; n-3) and gamma-linolenic 
acid (GLA; n-6) are dietary polyunsaturated fatty acids that can be found, for example, in 
plant seed oil. ALA and GLA are short-chain (18:3) fatty acids without biological activity 
but can be elongated to form for example eicosapentaenoic acid (20:5n3) and arachidonic 
acid (20:4n6), which do have biological activity [109].

Precision-cut liver slices possess the cellular machinery to elongate and desaturate PUFAs 
[110], also confirmed on mRNA level in Chapter 3, and thereby can form the different 
types of PUFAs that originate from ALA and GLA. Every type of PUFA and metabolite 
has distinct effects [111,112], but it is generally assumed that the metabolism of n-3 PUFAs 
including ALA ultimately yields anti-inflammatory eicosanoids [20, 111,113,114]. These 
eicosanoids are collectively named resolvins [115,116], and have been shown to alleviate 
e.g. inflammatory bowel disease [117]. On the other hand, GLA metabolism may give rise 
to leukotrienes which promote inflammation [118]. Most resolvins are inactivated at the 
site of inflammation and do not reach the circulation [119,120], which suggests that in 
MAFLD they should affect liver inflammation especially. Therefore, many research efforts, 
including the one presented in Chapter 4, set out to determine the possible beneficial 
effects of PUFAs on metabolic-associated fatty liver disease [121–124].

Human precision-cut liver slices did not react to ALA as expected, and instead, exposure 
to both ALA and GLA instigated an inflammatory response (Chapter 4). A striking effect 
was the downregulation of PPARα by both linolenic acids. PPARα is a sought-after 
therapeutic target as it is thought to promote resolution of inflammation in MAFLD [125–
128], and indeed in PCLSs PPARA mRNA levels correlated with inflammation. These 
results contradicted the notion that ALA alleviates inflammation by up-regulation of 
PPARα [20, 111,113,114].



195

GENERAL DISCUSSION

Se
ven

There are several possible explanations for this discrepancy. First, investigations into 
other types of n-3 supplementation (mixtures including ALA) have reported a postponed 
anti-inflammatory response, including downregulation of PPARα [129], and more severe 
lung inflammation after PUFA consumption [130]. Second, as PPARα up-regulation was 
observed after ALA supplementation in hepatocyte cell culture [111], other cell types may 
have interfered. For example, Kupffer cells have been shown to sense free fatty acids and 
instigate an inflammatory response that also plays a role in hepatic steatosis [131]. Such 
mechanisms could be further investigated using different, preferably primary, human 
hepatic cell cultures e.g. Kupffer cells, hepatic stellate cells, and hepatocytes.

Another explanation lies in aggravating experimental set-up presented in Chapter 4. 
Often the effects of polyunsaturated fatty acids are investigated in isolation, but in PCLSs 
the effects of ALA and GLA were examined under hyperglycemic and hyperinsulinemic 
conditions. An in vivo study showed that the effects of a PUFA-rich diet were influenced 
by metabolic state (i.e. control or NASH). Moreover, hepatic lipoperoxide production was 
much greater in the NASH state as compared to control [128]. These lipoperoxides can 
also be formed from ALA and GLA precursors and might be responsible for PUFA-related 
oxidative stress that is a problem in models of NASH [112,132,133] but is also a concern in 
patients [134]. High amounts of PUFA supplementation may lead to lipotoxicity-related 
ROS formation [134], and this together with the other media components and the high 
concentration of oxygen (80%) could have contributed to cellular stress in PCLSs (Chapter 
3). 

In murine PCLSs, lowering the amount of supplemented ALA and GLA did increase the 
viability and revealed a difference between ALA and GLA that was reduced at higher 
concentrations (Figure 3A). As human tissue followed the same trend as murine tissue 
regarding lipotoxicity, these data suggest that lower concentrations might have also 
spared human PCLSs (Figure 3B). Interestingly, a much higher concentration is needed to 
lower the viability of HepG2 cells [135], further underlining the importance of different 
(primary) cell types to study MAFLD in vitro.

The role of ALA and GLA in lipid homeostasis is a lesser-discussed subject. Animal studies 
have shown that a PUFA-rich diet led to reduced liver triglycerides [114,136–140], possibly 
through dampening of lipid synthesis [139,140] or increased fatty acid oxidation [136,140]. 
Increased fatty acid oxidation was also observed in rodent cell lines after exposure to ALA 
[141] and GLA [142]. Conversely, ALA reduced fatty acid oxidation in HepG2 cells [143], 
and also did not raise mRNA levels of fatty acid oxidation in PCLSs (Chapter 4). This 
might be due to a species difference, e.g. the enzymes metabolizing polyunsaturated fatty 
acids have higher activity in rodents as compared to humans. Furthermore, the activity 
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of these enzymes declines with age [144]. This hampers the comparison of experiments 
performed with liver tissue from adult human donors (Chapter 4) and animal studies 
based on adolescent rodents.

In Chapter 4 ALA and especially GLA induced significant hepatic steatosis. In PCLSs, 240 
μM GLA supplementation led to the same amount of triglyceride accumulation as 240:480 
μM palmitic:oleic acid, which indicates that GLA was the most conducive to hepatic 
steatosis of all investigated fatty acids (Figure 3C). Other experimental set-ups usually 
include additional fatty acids, such as palmitic acid and oleic acid, which were not added 
to the culture medium of PCLSs. Perhaps PUFAs would have prevented the incorporation 
of these fatty acids, or the opposite, it could also lead to even higher steatosis as different 
types of fatty acids were shown to work synergistically (Chapter 3, Figure 3C).

Figure 3: Effects of fatty acids on ex vivo changes in triglyceride ATP content. (A) Dose-response curves 
of murine PCLSs (n = 3) to α-linolenic acid (ALA, grey) and γ-linolenic acid (GLA, black). An arrow 
indicates the concentration used in other experiments (240 μM). (B) Changes in ATP content of human (n = 
11-12), rat (n = 5) and murine (n = 3) PCLSs after 24 and 48 hours of exposure to ALA (240 μM) or GLA (240 
μM). Values are shown as mean ATP content ± SEM. (C) Triglyceride accumulation ± SEM in human PCLSs 
(n = 7-20) after exposure to varying concentrations of palmitic acid (P), oleic acid (O), ALA and GLA for 
24 and 48 hours. p-Values are indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus control 
(CTR) not exposed to fatty acids, $ p < 0.05, $$ p < 0.01 ALA versus GLA
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In short, the direct effects of ALA and GLA on PCLSs did not correspond with animal 
studies that showed reduced liver triglycerides [114,136–140], and rather show harmful 
effects of high amounts of ALA and GLA supplementation. As it is difficult to examine the 
direct effects of PUFAs on the liver in vivo, it is complicated to determine the predictive 
value of the effects seen in human PCLSs. The work presented in Chapter 4 reflects the lack 
of beneficial effects of PUFAs in the clinic [145] and warns against increasing PUFA intake 
[134]. In Chapter 4, undesired effects on all fronts were greatest for gamma-linolenic acid, 
confirming its status as the ‘worse’ PUFA.

Of all the investigated dietary supplements, only all-trans retinoic acid lowered 
triglyceride content, even if it also induced oxidative stress. Overall, from the observed 
effects of dietary components, not only fibers and PUFAs but also saccharides and other 
fatty acids, one can conclude the fewer supplements the better. These supplements were 
not able to halt the development of steatosis or promote lipid catabolism during PCLS 
culture, and rather had the opposite effect. 

Pharmaceutical interventions to treat MAFLD
Since dietary substrates lowered inflammation and steatosis only slightly, or not at all, this 
second part of the thesis continues with pharmacotherapies. The latter may have unwanted 
effects, on the liver or other organs. This is the case with medications approved for weight 
loss, which can cause fecal incontinence, abdominal discomfort and hypoglycemia, and 
worse, medications that were withdrawn because of cardiac concerns [146]. Thus, organ-
targeted therapy seems like a safer approach. This requires the effectiveness of a therapy 
within the organ, i.e. it should not be dependent on organ interplay.

One should keep in mind that a liver-targeted therapy might still affect other organs. 
Triglycerides removed from one place must end up in another, if they are not catabolized, 
and therefore a therapy might displace the problem rather than solve it. For example, 
conjugated linoleic acid lowers adiposity, but increases hepatic steatosis [147,148]. Thus, 
the ideal pharmacotherapy for MAFLD would steer the liver away from the assembly of 
triglycerides, toward catabolism or efflux in such a manner that they may be excreted from 
the body. Furthermore, therapy preferably lowers hepatic inflammation and lipotoxicity to 
prevent further liver injury and subsequent fibrosis. There are many potential candidates 
to choose from, and this thesis presents the effects of lipoxygenase inhibitor zileuton and 
PPAR-ligands elafibranor and pirinixic acid on PCLSs.
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Lipoxygenase inhibition
Lipoxygenases play a key role in the metabolism of the previously discussed 
polyunsaturated fatty acids. Their activity yields leukotrienes, which are involved in 
inflammatory diseases such as asthma [149–152]. Chapter 4 shows that in human PCLSs, 
ALA and GLA supplementation led to both leukotriene formation and inflammation. 
Lipoxygenase-inhibition successfully reduces inflammation in the lung [153,154]. In 
contrast to existing theories [155,156], reduced liver inflammation was not observed after 
5-lipoxygenase-inhibition by zileuton (Chapter 4).

Zileuton administration was previously shown to completely inhibit leukotriene 
production ex vivo and in vitro [157], and in this work only slightly lowered it. One factor 
that possibly contributes to the minor effects of zileuton in PCLSs is the rapid metabolism 
of this compound by CYP enzymes in vivo, which is responsible for its short half-life (2.5 
hours) [158,159]. Though the supplied concentration far surpassed the recommended 
daily dose for asthma patients [153], increased frequency of zileuton supplementation 
during PCLSs culture might still reveal more effects. The concentration (10 μM) of the 
5-lipoxygenase inhibitor that was used in PCLSs significantly lowered the lipoxygenase 
activity in murine macrophages, human whole blood and human T-cells [153,160]. Hepatic 
expression of 5-lipoxygenase is restricted to the liver resident macrophages, Kupffer cells, 
which make up only ~15% of the liver [161]. Thus, it could be that the observed lack of 
effect as compared to such cell-based experiments is due to the relatively small number 
of Kupffer cells in PCLSs. 

Moreover, leukotrienes are potent chemoattractants, and their attraction of immune 
cells such as neutrophils to the lungs is believed to worsen asthma [158]. The studies 
in this thesis did not include circulating inflammatory cells. In a different setting, the 
chemoattractant effects of leukotrienes and dampening by lipoxygenase-inhibition might 
overshadow the effects that were observed in Chapter 4. Furthermore, other studies 
have shown that lipoxygenase-inhibition prevents leukotriene-induced inflammation 
in adipocytes [160]. As adipose tissue plays an important role in hepatic inflammation 
(Chapter 1), reduced inflammation in adipocytes by zileuton may be a route to reduced 
liver inflammation. Thus, to better understand the effects of PUFAs and lipoxygenases in 
MAFLD studies should be repeated in the presence of (human) immune cells, in vivo, or 
in a (human) multi-organ in vitro model. 

Interestingly, lipoxygenase-inhibition lowered steatosis in PCLSs. The reduced 
lipogenesis on mRNA level in PCLSs after 5-lipoxygenase inhibition suggests that 
lipoxygenase products, such as leukotrienes [162], or specific hydroxyeicosatetraenoic 
and hydroxyoctadecadienoic acids [163–167], might be responsible for the induction of 
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hepatic lipogenesis. Another option is that the peroxidation of PUFAs by lipoxygenases 
aids their incorporation into triglycerides [168]. In contrast to the in vivo situation, only 
one type of fatty acid (i.e. ALA or GLA) was supplied to PCLSs. Therefore, enzymes 
might have preferred to combine ALA and GLA with other metabolites to form a less 
rigid triglyceride molecule. This explanation would pertain specifically to the described 
experimental setup, and cannot be extrapolated to the in vivo situation where a mixture of 
fatty acids is available.

Though there are no similar studies of lipoxygenase inhibition in (human) MAFLD with 
which to compare the results of this thesis, the anticipated reduction of inflammation as 
described in lung tissue and murine liver tissue was not observed in PCLSs. More studies 
are needed to validate the results presented here and to determine the contribution of 
lipoxygenase activity to MAFLD.

PPAR ligands 
PPARs orchestrate fat metabolism and it is therefore logical they play a key role in MAFLD 
disease [166,169]. The difficulty in developing potential anti-MAFLD PPAR-ligands lies in 
the complexity of PPARs mechanisms and the inability of direct extrapolation of animal 
studies to the situation in humans [45–48,126]. This thesis shows that PPARs are affected 
by artificial hyperglycemia, hyperlipidemia, and hyperinsulinemia (Chapter 3, 5, 6) and 
their mRNA levels, but also mRNA levels of their targets, can be altered using dietary 
substrates (Chapter 4) or ligands (Chapter 6). 

In Chapter 6, PPAR-ligands elafibranor and pirinixic acid lower triglyceride content by 
~20%, most likely through increased fatty acid oxidation, a target of PPARα. Moreover, the 
observed hepatic induction of PPARA-target FGF21 mRNA levels, which were previously 
shown to correlate with protein levels [170–172], could have had grand-scale effects in vivo 
considering their ameliorative properties on metabolic syndrome [66,68]. Importantly, the 
PPAR-ligands did not induce a clear reduction of de novo lipogenesis (DNL). This has 
noteworthy implications for human disease, as in MAFLD patients DNL accounts for 
over a quarter of hepatic triglycerides and is an important cause of lipotoxicity [173,174]. 
The inability of elafibranor to halt DNL went unnoticed in previous studies. This could be 
in part due to the focus on high-fat diets, which inadvertently suppress DNL, to induce 
hepatic steatosis [175]. This may be a piece of the puzzle to explain why PPAR-ligands 
have failed in clinical trials, despite their success in preclinical studies. 

The work in this thesis shows the effects of PPAR-ligands on acute hepatic steatosis. 
As MAFLD is often diagnosed at a later stage, an intervention must reduce existing fat 
accumulation. In that case, combination therapy with other ligands e.g. all-trans retinoic 
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acid [176], or attainable lifestyle modifications, might be more effective. The complexity 
of gene regulation through nuclear transcription factor heterodimerization makes it 
difficult to implement such a strategy while avoiding side effects. PPARs are expressed 
ubiquitously, also for example in the heart [166]. Here, stressed cardiomyocytes survive 
by repression of PPARα and PPARδ activity, the exact opposite of the desired liver 
situation [177]. Thus, unwanted regulation of other organs should be carefully considered 
when attempting PPAR agonism as a therapeutic strategy. Further studies are needed to 
delineate the intra- and interorgan effects of PPAR agonism.

In summary, part II of this thesis shows that, in many instances, results derived from 
PCLSs contradicted expectations and previously observed effects. In Chapters 5, 7, 8, 
we observed anti-steatotic, but not anti-inflammatory effects of synthetic and natural 
compounds, thereby validating PCLSs as a screening platform for anti-steatotic drugs. 
Efficacy of these compounds, especially regarding inflammation, is likely influenced by 
the degree of disease similarity and might differ when interorgan effects are taken into 
account. 

Remaining challenges: 240 μm room for improvement
It is unlikely that animal studies will be replaced by (human) in vitro studies in the coming 
decades. Still, improvements in (humanized) preclinical models could lead at least to a 
reduction in animal studies and more efficient drug discovery. In summary, the predictive 
value of human PCLSs for MAFLD studies can be increased by:

• Increased availability of (diseased) 
human donor organs

• (Simulated) organ interaction

• Prolonged culture time of PCLSs • Validation of MAFLD markers

• More pathophysiological culture 
conditions

• More accurate disease simulation

Then, this model would be even better suited to tackle the previously discussed challenges 
in MAFLD.



201

GENERAL DISCUSSION

Se
ven

Overall conclusion
In this thesis, we proved that hallmarks of metabolic-associated fatty liver disease, i.e. 
hepatic steatosis and inflammation, can be induced ex vivo in murine, rat, and human 
tissue by dietary components alone. While supplementation of fatty acids sped up 
these processes, they were not strictly necessary. Moreover, polyunsaturated fatty acids, 
contrary to popular belief, had harmful effects on liver tissue that were not mitigated 
by inhibition of PUFA peroxidation by lipoxygenases. Furthermore, fiber-fermentation 
product butyrate did not negate the effects of artificial metabolic syndrome in the liver. 
In the context of PCLSs, it seemed better to omit, than to supplement these investigated 
dietary components.

For patients, pharmaceutical treatments are generally simpler to adhere to than lifestyle 
changes. However, they are more difficult to develop, as evident from the absence of 
approved anti-MAFLD drugs. Transcription factor ligands elafibranor, pirinixic acid, 
and all-trans retinoic acid all showed anti-steatotic properties in PCLSs. They increased 
markers for lipid oxidation but did not influence another pillar of hepatic steatosis, de novo 
lipogenesis. Therefore, combination therapy might increase efficacy.

The MAFLD-PCLSs model can be used as a tool for investigations into MAFLD mechanisms, 
markers and therapies. The accuracy of MAFLD simulation, and therefore predictive 
value, of PCLSs remains to be determined. While the use of human tissue made strides 
toward improved preclinical models, future research efforts should further characterize 
MAFLD in patients and experimental models. Only with the improved understanding 
of disease mechanisms can well-informed anti-MAFLD drug development be expedited. 
Importantly, the main culprit of MAFLD is already known and presented throughout this 
thesis, i.e. unhealthy diet and adiposity, and as such adjustments in lifestyle would negate 
the root of the problem whereas pharmacotherapy could work as an add-on to help to 
prevent MAFLD worsening. 



202

References

1. Marchesini G.; Bugianesi E.; Forlani G.; Cerrelli 
F.; Lenzi M.; Manini R.; Natale S.; Vanni E.; 
Villanova N.; Melchionda N.; Rizzetto M. 
Nonalcoholic fatty liver, steatohepatitis, and 
the metabolic syndrome. Hepatology. 2003, 37, 
917-923, doi:10.1053/jhep.2003.50161

2. Lambert J.E.; Ramos-Roman M.A.; 
Browning J.D.; Parks E.J. Increased de novo 
Lipogenesis is a Distinct Characteristic of 
Individuals with Nonalcoholic Fatty Liver 
Disease. Gastroenterology. 2017, 146, 726-735, 
doi:10.1053/j.gastro.2013.11.049

3. Chait A.; den Hartigh L.J. Adipose Tissue 
Distribution, Inflammation and Its Metabolic 
Consequences, Including Diabetes and 
Cardiovascular Disease. Front Cardiovasc Med. 
2020, 7, 1-41, doi:10.3389/fcvm.2020.00022

4. Engin A.; Engin A.B. Obesity and Lipotoxicity. 
Vol 960.; 2017, doi:10.1007/978-3-319-48382-
5_1

5. Bray G.A.; Heisel W.E.; Afshin A.; Jensen 
M.D.; Dietz W.H.; Long M.; Kushner R.F.; 
Daniels S.R.; Wadden T.A.; Tsai A.G.; Hu 
F.B.; Jakicic J.M.; Ryan D.H.; Wolfe B.M.; Inge 
T.H. The Science of Obesity Management: An 
Endocrine Society Scientific Statement. Endocr 
Rev. 2018, 39, 79-132, doi:10.1210/er.2017-
00253

6. Fabbrini E.; Sullivan S.; Klein S. Obesity 
and Nonalcoholic Fatty Liver Disease: 
Biochemical, Metabolic and Clinical 
Implications. Hepatology. 2010, 51, 679-689, 
doi:10.1002/hep.23280

7. Addison T. Observations on fatty degeneration 
of the liver. Guy’s Hosp Rep. 1836, 1, 1

8. Schaffner F.; Thaler H. Nonalcoholic fatty liver 
disease. Prog Liver Dis. 1986, 8, 283-289

9. Lonardo A.; Leoni S.; Alswat K.A.; Fouad Y. 
History of nonalcoholic fatty liver disease. 
Int J Mol Sci. 2020, 21, 1-38, doi:10.3390/
ijms21165888

10. Younossi Z.; Anstee Q.M.; Marietti M.; Hardy 
T.; Henry L.; Eslam M.; George J.; Bugianesi E. 
Global burden of NAFLD and NASH: Trends, 
predictions, risk factors and prevention. Nat 

Rev Gastroenterol Hepatol. 2018, 15, 11-20, 
doi:10.1038/nrgastro.2017.109

11. Younossi Z.M.; Otgonsuren M.; Henry L.; 
Venkatesan C.; Mishra A.; Erario M.; Hunt S. 
Association of nonalcoholic fatty liver disease 
(NAFLD) with hepatocellular carcinoma 
(HCC) in the United States from 2004 to 2009. 
Hepatology. 2015, 62, 1723-1730, doi:10.1002/
hep.28123

12. Younossi Z.M.; Koenig A.B.; Abdelatif D.; Fazel 
Y.; Henry L.; Wymer M. Global epidemiology 
of nonalcoholic fatty liver disease—Meta-
analytic assessment of prevalence, incidence, 
and outcomes. Hepatology. 2016, 64, 73-84, 
doi:10.1002/hep.28431

13. Bray G.A.; Nielsen S.J.; Popkin B.M. 
Consumption of high-fructose corn syrup in 
beverages may play a role in the epidemic 
of obesity. Am J Clin Nutr. 2004, 79, 537-543, 
doi:10.1093/ajcn/79.4.537

14. Cordain L.; Eaton S.B.; Sebastian A.; Mann 
N.; Lindeberg S.; Watkins B.A.; O’Keeffe J.H.; 
Brand-Miller J. Origins and evolution of the 
Western diet: health implications for the 21st 
century. Am J Clin Nutr. 2005, 81, 341-354, 
doi:10.1093/ajcn/82.2.483

15. Simopoulos A.P. Evolutionary aspects of 
diet, the omega-6/omega-3 ratio and genetic 
variation: nutritional implications for chronic 
diseases. Biomed Pharmacother. 2006, 60, 502-
507, doi:10.1016/j.biopha.2006.07.080

16. Hall K.D. Did the food environment cause 
the obesity epidemic? Obesity (Silver Spring). 
2018, 26, 11-13, doi:10.1002/oby.22073

17. Basaranoglu M.; Basaranoglu G.; Bugianesi 
E. Carbohydrate intake and nonalcoholic 
fatty liver disease: fructose as a weapon of 
mass destruction. Hepatobiliary Surg Nutr. 
2015, 4, 109-116, doi:10.3978/j.issn.2304-
3881.2014.11.05

18. Sun S.Z.; Empie M.W. Fructose metabolism in 
humans - What isotopic tracer studies tell us. 
Nutr Metab. 2012, 9, 1-15, doi:10.1186/1743-
7075-9-89

19. Leamy A.K.; Egnatchik R.A.; Young J.D. 
Molecular mechanisms and the role of 
saturated fatty acids in the progression 
of non-alcoholic fatty liver disease. Prog 
Lipid Res. 2013, 52, 165-174, doi:10.1016/j.
plipres.2012.10.004



203

GENERAL DISCUSSION

Se
ven

20. Al-Gayyar M.M.H.; Shams M.E.E.; Barakat 
E.A.M.E. Fish oil improves lipid metabolism 
and ameliorates inflammation in patients with 
metabolic syndrome: Impact of nonalcoholic 
fatty liver disease. Pharm Biol. 2012, 50, 297-
303, doi:10.3109/13880209.2011.604088

21. Cortez-Pinto H.; Jesus L.; Barros H.; Lopes 
C.; Moura M.C.; Camilo M.E. How different 
is the dietary pattern in non-alcoholic 
steatohepatitis patients? Clin Nutr. 2006, 25, 
816-823, doi:10.1016/j.clnu.2006.01.027

22. Zelber-Sagi S.; Nitzan-Kaluski D.; Goldsmith 
R.; Webb M.; Blendis L.; Halpern Z.; Oren R. 
Long term nutritional intake and the risk for 
non-alcoholic fatty liver disease (NAFLD): A 
population based study. J Hepatol. 2007, 47, 
711-717, doi:10.1016/j.jhep.2007.06.020

23. Younossi Z.M.; Loomba R.; Anstee Q.M.; 
Rinella M.E.; Bugianesi E.; Marchesini G.; 
Neuschwander-Tetri B.A.; Serfaty L.; Negro 
F.; Caldwell S.H.; Ratziu V.; Corey K.E.; 
Friedman S.L.; Abdelmalek M.F.; Harrison 
S.A.; Sanyal A.J.; Lavine J.E.; Mathurin P.; 
Charlton M.R.; et al. Diagnostic modalities for 
nonalcoholic fatty liver disease, nonalcoholic 
steatohepatitis, and associated fibrosis. 
Hepatology. 2018, 68, 349-360, doi:10.1002/
hep.29721

24. Kleiner D.E.; Brunt E.M.; Van Natta M.; 
Behling C.; Contos M.J.; Cummings O.W.; 
Ferrell L.D.; Liu Y.C.; Torbenson M.S.; Unalp-
Arida A.; Yeh M.; McCullough A.J.; Sanyal A.J. 
Design and validation of a histological scoring 
system for nonalcoholic fatty liver disease. 
Hepatology. 2005, 41, 1313-1321, doi:10.1002/
hep.20701

25. Polyzos S.A.; Perakakis N.; Boutari C.; 
Kountouras J.; Ghaly W.; Anastasilakis A.D.; 
Karagiannis A.; Mantzoros C.S. Targeted 
Analysis of Three Hormonal Systems Identifies 
Molecules Associated with the Presence and 
Severity of NAFLD. J Clin Endocrinol Metab. 
2020, 105, 387-398, doi:10.1210/clinem/
dgz172

26. Al-Qarni R.; Iqbal M.; Al-Otaibi M.; Al-Saif 
F.; Alfadda A.A.; Alkhalidi H.; Bamehriz F.; 
Hassanain M. Validating candidate biomarkers 
for different stages of non-alcoholic fatty liver 
disease. Medicine (Baltimore). 2020, 99, e21463, 
doi:10.1097/MD.0000000000021463

27. Younossi Z.M.; Loomba R.; Rinella M.E.; 
Bugianesi E.; Marchesini G.; Neuschwander-
Tetri B.A.; Serfaty L.; Negro F.; Caldwell 
S.H.; Ratziu V.; Corey K.E.; Friedman S.L.; 
Abdelmalek M.F.; Harrison S.A.; Sanyal 
A.J.; Lavine J.E.; Mathurin P.; Charlton M.R.; 
Chalasani N.P.; et al. Current and future 
therapeutic regimens for nonalcoholic fatty 
liver disease and nonalcoholic steatohepatitis. 
Hepatology. 2018, 68, 361-371, doi:10.1002/
hep.29724

28. Cheung A.; Neuschwander-Tetri B.A.; Kleiner 
D.E.; Schabel E.; Rinella M.; Harrison S.; Ratziu 
V.; Sanyal A.J.; Loomba R.; Jeannin Megnien S.; 
Torstenson R.; Miller V. Defining Improvement 
in Nonalcoholic Steatohepatitis for Treatment 
Trial Endpoints: Recommendations From the 
Liver Forum. Hepatology. 2019, 70, 1841-1855, 
doi:10.1002/hep.30672

29. Taylor R.S.; Taylor R.J.; Bayliss S.; Hagström 
H.; Nasr P.; Schattenberg J.M.; Ishigami M.; 
Toyoda H.; Wai-Sun Wong V.; Peleg N.; Shlomai 
A.; Sebastiani G.; Seko Y.; Bhala N.; Younossi 
Z.M.; Anstee Q.M.; McPherson S.; Newsome 
P.N. Association Between Fibrosis Stage and 
Outcomes of Patients With Nonalcoholic Fatty 
Liver Disease: A Systematic Review and Meta-
Analysis. Gastroenterology. 2020, 158, 1611-
1625.e12, doi:10.1053/j.gastro.2020.01.043

30. Kanuri G.; Bergheim I. In vitro and in vivo 
models of non-alcoholic fatty liver disease 
(NAFLD). Int J Mol Sci. 2013, 14, 11963-11980, 
doi:10.3390/ijms140611963

31. Van Herck M.A.; Vonghia L.; Francque S.M. 
Animal models of nonalcoholic fatty liver 
disease—a starter’s guide. Nutrients. 2017, 9, 
1-13, doi:10.3390/nu9101072

32. Soret P.-A.; Magusto J.; Housset C.; Gautheron 
J. In vitro and in vivo models of non-
alcoholic fatty liver disease (NAFLD): A 
Critical Appraisal. J Clin Med. 2021, 10, 1-18, 
doi:10.3390/ijms140611963

33. Müller F.A.; Sturla S.J. Human in vitro models 
of nonalcoholic fatty liver disease. Curr 
Opin Toxicol. 2019, 16, 9-16, doi:10.1016/j.
cotox.2019.03.001

34. Baffy G. Kupffer cells in non-alcoholic 
fatty liver disease: The emerging view. J 
Hepatol. 2009, 51, 212-223, doi:10.1016/j.
jhep.2009.03.008



204

35. Zhou T.; Kundu D.; Robles-Linares J.; 
Meadows V.; Sato K.; Baiocchi L.; Ekser 
B.; Glaser S.; Alpini G.; Francis H.; 
Kennedy L. Feedback Signaling between 
Cholangiopathies, Ductular Reaction, and 
Non-Alcoholic Fatty Liver Disease. Cells. 2021, 
10, 2072, doi:10.3390/cells10082072

36. Vatakuti S.; Olinga P.; Pennings J.L.A.; 
Groothuis G.M.M. Validation of precision-cut 
liver slices to study drug-induced cholestasis: 
a transcriptomics approach. Arch Toxicol. 2017, 
91, 1401-1412, doi:10.1007/s00204-016-1778-8

37. Westra, I.M.; Mutsaers, H.A.M.; 
Luangmonkong, T.; Hadi, M.; Oosterhuis, D.; 
de Jong, K.P.; Groothuis, G.M.M.; Olinga, P. 
Human precision-cut liver slices as a model 
to test antifibrotic drugs in the early onset of 
liver fibrosis. Toxicol. In Vitro. 2016, 35, 77-85, 
doi:10.1016/j.tiv.2016.05.012 

38. Olinga P.; Schuppan D. Precision-cut liver 
slices: A tool to model the liver ex vivo. J 
Hepatol. 2013, 58, 1252-1253, doi:10.1016/j.
jhep.2013.01.009

39. Gore E.; Bigaeva E.; Oldenburger A.; Jansen 
Y.J.M. Schuppan D.; Boersema M.; Rippmann 
J.F.; Boermann A.; Olinga P. Investigating 
fibrosis and inflammation in an ex vivo NASH 
murine model. Am J Physiol Gastrointest Liver 
Physiol. 2020, 318, G336-G351, doi:10.1152/
ajpgi.00209.2019

40. Magee N.; Zou A.; Zhang Y. Pathogenesis of 
Nonalcoholic Steatohepatitis: Interactions 
between Liver Parenchymal and 
Nonparenchymal Cells. Biomed Res Int. 2016, 
2016, 1-11, doi:10.1155/2016/5170402

41. Kruepunga N.; Hakvoort T.B.M.; Hikspoors 
J.P.J.M.; Köhler S.E.; Lamers W.H. Anatomy 
of rodent and human livers: What are the 
differences? Biochim Biophys Acta - Mol 
Basis Dis. 2019, 1865, 869-878, doi:10.1016/j.
bbadis.2018.05.019

42. Kotokorpi P.; Ellis E.; Parini P.; Nilsson L.M.; 
Strom S.; Steffensen K.R.; Gustafsson J.Å.; 
Mode A. Physiological differences between 
human and rat primary hepatocytes in 
response to liver X receptor activation by 
3-[3-[N-(2-chloro-3- trifluoromethylbenzyl)-
(2 ,2-diphenylethyl)amino]propyloxy]
phenylacetic acid hydrochloride (GW3965). 
Mol Pharmacol. 2007, 72, 947-955, doi:10.1124/
mol.107.037358

43. Brandon E.F.A.; Raap C.D.; Meijerman I.; 
Beijnen J.H.; Schellens J.H.M. An update on 
in vitro test methods in human hepatic drug 
biotransformation research: Pros and cons. 
Toxicol Appl Pharmacol. 2003, 189, 233-246, 
doi:10.1016/S0041-008X(03)00128-5

44. Langsch A.; Giri S.; Acikgöz A.; Jasmund I.; 
Frericks B.; Bader A. Interspecies difference in 
liver-specific functions and biotransformation 
of testosterone of primary rat, porcine and 
human hepatocyte in an organotypical 
sandwich culture. Toxicol Lett. 2009, 188, 173-
179, doi:10.1016/j.toxlet.2009.03.022

45. Holden P.R.; Tugwood J.D. Peroxisome 
proliferator-activated receptor alpha: Role in 
rodent liver cancer and species differences. 
J Mol Endocrinol. 1999, 22, 1-8, doi:10.1677/
jme.0.0220001

46. Lawrence J.W.; Li Y.; Chen S.; DeLuca 
J.G.; Berger J.P.; Umbenhauer D.R.; Moller 
D.E.; Zhou G. Differential gene regulation 
in human versus rodent hepatocytes by 
peroxisome proliferator-activated receptor 
(PPAR) α. PPARα fails to induce peroxisome 
proliferation-associated genes in human 
cells independently of the level of receptor 
expression. J Biol Chem. 2001, 276, 31521-
31527, doi:10.1074/jbc.M103306200

47. Palmer C.N.A.; Hsu M.H.; Griffin K.J.; 
Raucy J.L.; Johnson E.F. Peroxisome 
proliferator activated receptor-α expression 
in human liver. Mol Pharmacol. 1998, 53, 14-22, 
doi:10.1124/mol.53.1.14

48. Kim S.; Kiyosawa N.; Burgoon L.D.; Chang 
C.C.; Zacharewski T.R. PPARα-mediated 
responses in human adult liver stem cells: In 
vivo/in vitro and cross-species comparisons. 
J Steroid Biochem Mol Biol. 2013, 138, 236-247, 
doi:10.1016/j.jsbmb.2013.06.004

49. Boeckmans J.; Natale A.; Rombaut M.; Buyl 
K.; Rogiers V.; De Kock J.; Vanhaecke T.; M 
Rodrigues R. Anti-NASH Drug Development 
Hitches a Lift on PPAR Agonism. Cells. 2019, 
9, doi:10.3390/cells9010037

50. Weng K.; Hu H.; Xu A.G.; Khaitovich P.; Somel 
M. Mechanisms of dietary response in mice 
and primates: A role for EGR1 in regulating 
the reaction to human-specific nutritional 
content. PLoS One. 2012, 7, doi:10.1371/
journal.pone.0043915



205

GENERAL DISCUSSION

Se
ven

51. Starokozhko V.; Abza G.B.; Maessen H.C.; 
Merema M.T.; Kuper F.; Groothuis G.M.M. 
Viability, function and morphological integrity 
of precision-cut liver slices during prolonged 
incubation: Effects of culture medium. 
Toxicol Vitr. 2015, 30, 288-299, doi:10.1016/j.
tiv.2015.10.008

52. Albrecht W. Which concentrations are optimal 
for in vitro testing? Exp Clin Sci. 2020, 19, 1172-
1173, doi:10.17179/excli2020-2761

53. Lefebvre P.; Lalloyer F.; Baugé E.; Pawlak 
M.; Gheeraert C.; Dehondt H.; Vanhoutte 
J.; Woitrain E.; Hennuyer N.; Mazuy C.; 
Bobowski-Gérard M.; Zummo F.P.; Derudas B.; 
Driessen A.; Hubens G.; Vonghia L.; Kwanten 
W.J.; Michielsen P.; Vanwolleghem T.; et al. 
Interspecies NASH disease activity whole-
genome profiling identifies a fibrogenic role of 
PPARα-regulated dermatopontin. JCI insight. 
2017, 2, 1-17, doi:10.1172/jci.insight.92264

54. Zhong J.; Deaciuc I. V.; Burikhanov R.; De 
Villiers W.J.S. Lipopolysaccharide-induced 
liver apoptosis is increased in interleukin-10 
knockout mice. Biochim Biophys Acta - Mol 
Basis Dis. 2006, 1762, 468-477, doi:10.1016/j.
bbadis.2005.12.012

55. Liu D.; Li C.; Chen Y.; Burnett C.; Liu X.Y.; 
Downs S.; Collins R.D.; Hawiger J. Nuclear 
import of proinflammatory transcription 
factors is required for massive liver apoptosis 
induced by bacterial lipopolysaccharide. J Biol 
Chem. 2004, 279, 48434-48442, doi:10.1074/jbc.
M407190200

56. Markiewski M.M.; DeAngelis R.A.; Strey 
C.W.; Foukas P.G.; Gerard C.; Gerard N.; 
Wetsel R.A.; Lambris J.D. The Regulation 
of Liver Cell Survival by Complement. J 
Immunol. 2009, 182, 5412-5418, doi:10.4049/
jimmunol.0804179

57. Sanders F.W.B.; Griffin J.L. De novo lipogenesis 
in the liver in health and disease: more than 
just a shunting yard for glucose. Biol Rev. 2016, 
91, 452-468, doi:10.1111/brv.12178

58. Leclercq I.A.; Da Silva Morais A.; Schroyen 
B.; Van Hul N.; Geerts A. Insulin resistance 
in hepatocytes and sinusoidal liver cells: 
Mechanisms and consequences. J Hepatol. 2007, 
47, 142-156, doi:10.1016/j.jhep.2007.04.002

59. Herder C.; Brunner E.J.; Rathmann W.; 
Strassburger K.; Tabák A.G.; Schloot 
N.C.; Witte D.R. Elevated levels of the 
anti-inflammatory interleukin-1 receptor 
antagonist precede the onset of type 2 
diabetes: The whitehall II study. Diabetes Care. 
2009, 32, 421-423, doi:10.2337/dc08-1161

60. Tabák A.G.; Jokela M.; Akbaraly T.N.; Brunner 
E.J.; Kivimäki M.; Witte D.R. Trajectories of 
glycaemia, insulin sensitivity, and insulin 
secretion before diagnosis of type 2 diabetes: 
an analysis from the Whitehall II study. Lancet. 
2009, 373, 2215-2221, doi:10.1016/S0140-
6736(09)60619-X

61. Patella S.; Phillips D.J.; Tchongue J.; De Kretser 
D.M.; Sievert W. Follistatin attenuates early 
liver fibrosis: Effects on hepatic stellate cell 
activation and hepatocyte apoptosis. Am J 
Physiol - Gastrointest Liver Physiol. 2006, 290, 
137-144, doi:10.1152/ajpgi.00080.2005

62. Kozyra M.; Johansson I.; Nordling Å.; Ullah 
S.; Lauschke V.M.; Ingelman-Sundberg M. 
Human hepatic 3D spheroids as a model for 
steatosis and insulin resistance. Sci Rep. 2018, 
8, 1-12, doi:10.1038/s41598-018-32722-6

63. Berendsen T.A.; Izamis M.L.; Xu H.; Liu 
Q.; Hertl M.; Berthiaume F.; Yarmush M.L.; 
Uygun K. Hepatocyte Viability and Adenosine 
Triphosphate Content Decrease Linearly Over 
Time During Conventional Cold Storage of 
Rat Liver Grafts. Transplant Proc. 2011, 43, 1484-
1488, doi:10.1016/j.transproceed.2010.12.066

64. Westra I.M.; Mutsaers H.A.M.; 
Luangmonkong T.; Hadi M.; Oosterhuis D.; 
de Jong K.P.; Groothuis G.M.M.; Olinga P. 
Human precision-cut liver slices as a model 
to test antifibrotic drugs in the early onset 
of liver fibrosis. Toxicol Vitr. 2016, 35, 77-85, 
doi:10.1016/j.tiv.2016.05.012

65. Rochlani Y.; Pothineni N.V.; Kovelamudi 
S.; Mehta J.L. Metabolic syndrome: 
pathophysiology, management, and 
modulation by natural compounds. Ther 
Adv Cardiovasc Dis. 2017, 11, 215-225, 
doi:10.1177/1753944717711379

66. Zarei M.; Aguilar-Recarte D.; Palomer X.; 
Vázquez-Carrera M. Revealing the role of 
peroxisome proliferator-activated receptor 
β/δ in nonalcoholic fatty liver disease. 
Metabolism. 2021, 114, 154342, doi:10.1016/j.
metabol.2020.154342



206

67. Li Y.; Wong K.; Walsh K.; Gao B.; Zang M. 
Retinoic acid receptor β stimulates hepatic 
induction of fibroblast growth factor 21 to 
promote fatty acid oxidation and control 
whole-body energy homeostasis in mice. J Biol 
Chem. 2013, 288, 10490-10504, doi:10.1074/jbc.
M112.429852

68. Martínez-Garza Ú.; Torres-Oteros D.; Yarritu-
Gallego A.; Marrero P.F.; Haro D.; Relat J. 
Fibroblast growth factor 21 and the adaptive 
response to nutritional challenges. Int J Mol 
Sci. 2019, 20, 1-21, doi:10.3390/ijms20194692

69. Rui L. Energy metabolism in the liver. Compr 
Physiol. 2014, 4, 177-197, doi:10.1002/cphy.
c130024

70. Xu J.; Lloyd D.J.; Hale C.; Stanislaus S.; Chen 
M.; Sivits G.; Vonderfecht S.; Hecht R.; Li Y.-
S.; Lindberg R.A.; Chen J.-L.; Young Jung D.; 
Zhang Z.; Ko H.-J.; Kim J.K.; Veniant M.M. 
Fibroblast Growth Factor 21 Reverses Hepatic 
Steatosis, Increases Energy Expenditure, and 
Improves Insulin Sensitivity in Diet-Induced 
Obese Mice. Diabetes. 2009, 58, 250-259, 
doi:10.2337/db08-0392

71. Lebensztejn D.M.; Flisiak-Jackiewicz M.; 
Białokoz-Kalinowska I.; Bobrus-Chociej A.; 
Kowalska I. Hepatokines and non-alcoholic 
fatty liver disease. Acta Biochim Pol. 2016, 63, 
459-467, doi:10.18388/abp.2015_1252

72. de Oliveira dos Santos A.R.; de Oliveira 
Zanuso B.; Miola V.F.B.; Barbalho S.M.; Santos 
Bueno P.C.; Flato U.A.P.; Detregiachi C.R.P.; 
Buchaim D.V.; Buchaim R.L.; Tofano R.J.; 
Mendes C.G.; Tofano V.A.C.; dos Santos Haber 
J.F. Adipokines, Myokines, and Hepatokines: 
Crosstalk and Metabolic Repercussions. 
Int J Mol Sci. 2021, 22, 2639, doi:10.3390/
ijms22052639

73. Jensen-Cody S.O.; Potthoff M.J. Hepatokines 
and metabolism: Deciphering communication 
from the liver. Mol Metab. 2021, 44, 101138, 
doi:10.1016/j.molmet.2020.101138

74. Idres N.; Marill J.; Flexor M.A.; Chabot G.G. 
Activation of retinoic acid receptor-dependent 
transcription by all-trans-retinoic acid 
metabolites and isomers. J Biol Chem. 2002, 
277, 31491-31498, doi:10.1074/jbc.M205016200

75. Kedishvili N.Y. Retinoic Acid Synthesis and 
Degradation. In: Subcell Biochem. Vol 81.; 2016, 
127-161., doi:10.1007/978-94-024-0945-1_5

76. Mey J. RAR/RXR-Mediated Signaling, 
Chapter 16 from the Book: Gene Regulation, 
Epigenetics and Hormone Signaling. (Mandal SS, 
ed.). Wiley-VCH; 2017.

77. Saeed A.; Dullaart R.P.F.; Schreuder T.C.M.A.; 
Blokzijl H.; Faber K.N. Disturbed vitamin 
A metabolism in non-alcoholic fatty liver 
disease (NAFLD). Nutrients. 2018, 10, 1-25, 
doi:10.3390/nu10010029

78. Arnold S.L.M.; Amory J.K.; Walsh T.J.; 
Isoherranen N. A sensitive and specific 
method for measurement of multiple retinoids 
in human serum with UHPLC-MS/MS. J Lipid 
Res. 2012, 53, 587-598, doi:10.1194/jlr.D019745

79. Liu Y.; Chen H.; Wang J.; Zhou W.; Sun 
R.; Xia M. Association of serum retinoic 
acid with hepatic steatosis and liver injury 
in nonalcoholic fatty liver disease. Am J 
Clin Nutr. 2015, 102, 130-137, doi:10.3945/
ajcn.114.105155

80. Allam A.S.; Salama M.M.; Nasser H.M.; Kabiel 
W.A.Y.; Elsayed E.H. Comparison between 
NAFLD fibrosis score and retinoic acid 
serum level in NAFLD. Egypt Liver J. 2020, 10, 
doi:10.1186/s43066-019-0014-7

81. Zhong G.; Kirkwood J.; Won K.J.; Tjota N.; 
Jeong H.; Isoherranen N. Characterization 
of Vitamin A metabolome in human livers 
with and without nonalcoholic fatty liver 
disease. J Pharmacol Exp Ther. 2019, 370, 92-103, 
doi:10.1124/jpet.119.258517

82. Pettinelli P.; Arendt B.M.; Teterina A.; 
McGilvray I.; Comelli E.M.; Fung S.K.; Fischer 
S.E.; Allard J.P. Altered hepatic genes related 
to retinol metabolism and plasma retinol in 
patients with non-alcoholic fatty liver disease. 
PLoS One. 2018, 13, 1-16, doi:10.1371/journal.
pone.0205747

83. Zhou Z.; Chen H.; Ju H.; Sun M. Circulating 
retinol binding protein 4 levels in nonalcoholic 
fatty liver disease: A systematic review and 
meta-analysis. Lipids Health Dis. 2017, 16, 1-8, 
doi:10.1186/s12944-017-0566-7

84. de Souza Valente da Silva L.; Valeria da 
Veiga G.; Ramalho R.A. Association of serum 
concentrations of retinol and carotenoids 
with overweight in children and adolescents. 
Nutrition. 2007, 23, 392-397, doi:10.1016/j.
nut.2007.02.009



207

GENERAL DISCUSSION

Se
ven

85. Neuhouser M.L.; Rock C.L.; Eldridge 
A.L.; Kristal A.R.; Patterson R.E.; Cooper 
D.A.; Neumark-Sztainer D.; Cheskin L.J.; 
Thornquist M.D. Serum concentrations of 
retinol, α-tocopherol and the carotenoids 
are influenced by diet, race and obesity in a 
sample of healthy adolescents. J Nutr. 2001, 
131, 2184-2191, doi:10.1093/jn/131.8.2184

86. Amengual J.; Ribot J.; Bonet M.L.; Palou 
A. Retinoic acid treatment enhances 
lipid oxidation and inhibits lipid 
biosynthesis capacities in the liver of mice. 
Cell Physiol Biochem. 2010, 25, 657-666, 
doi:10.1159/000315085

87. Wolf G. Retinoic acid activation of peroxisome 
proliferation-activated receptor d represses 
obesity and insulin resistance. Nutr Rev. 2010, 
68, 67-70, doi:10.1111/j.1753-4887.2009.00261.x

88. Blaner W.S. Vitamin A Signaling and 
Homeostasis in Obesity, Diabetes 
and Metabolic Disorders. Pharmacol 
Ther. 2019, 197, 153-178, doi:10.1016/j.
pharmthera.2019.01.006.Vitamin

89. Zarei L.; Farhad N.; Abbasi A. All-Trans 
Retinoic Acid (atRA) effectively improves 
liver steatosis in a rabbit model of high fat 
induced liver steatosis. Arch Physiol Biochem. 
2020, 0, 1-6, doi:10.1080/13813455.2020.17437
25

90. Yang D.; Vuckovic M.G.; Smullin C.P.; Kim M.; 
Lo C.P.S.; Devericks E.; Yoo H.S.; Tintcheva 
M.; Deng Y.; Napoli J.L. Modest decreases in 
endogenous All-Trans-Retinoic acid produced 
by a mouse Rdh10 heterozygote provoke 
major Abnormalities in adipogenesis and 
lipid metabolism. Diabetes. 2018, 67, 662-673, 
doi:10.2337/db17-0946

91. Devaux Y.; Grosjean S.; Seguin C.; David 
C.; Dousset B.; Zannad F.; Meistelman C.; 
De Talancé N.; Mertes P.M.; Ungureanu-
Longrois D. Retinoic acid and host-pathogen 
interactions: Effects on inducible nitric oxide 
synthase in vivo. Am J Physiol - Endocrinol 
Metab. 2000, 279, 1045-1053, doi:10.1152/
ajpendo.2000.279.5.e1045

92. Seguin-Devaux C.; Devaux Y.; Latger-Cannard 
V.; Grosjean S.; Rochette-Egly C.; Zannad 
F.; Meistelman C.; Mertes P.M.; Longrois D. 
Enhancement of the inducible NO synthase 
activation by retinoic acid is mimicked 

by RARα agonist in vivo. Am J Physiol - 
Endocrinol Metab. 2002, 283, doi:10.1152/
ajpendo.00008.2002

93. Committee on the Scientific Evaluation of 
Dietary Reference Intakes . Dietary Reference 
Intakes for Vitamin A, Vitamin K, Arsenic, 
Boron, Chromium, Copper, Iodine, Iron, 
Manganese, Molybdenum, Nickel, Silicon, 
Vanadium, and Zinc. Chapter 4: Vitamin A. 1st 
ed. Washington: National Academy Press; 2002.

94. Canfora E.E.; Jocken J.W.; Blaak E.E. Short-
chain fatty acids in control of body weight and 
insulin sensitivity. Nat Rev Endocrinol. 2015, 11, 
577-591, doi:10.1038/nrendo.2015.128

95. Berná G.; Romero-Gomez M. The role of 
nutrition in non-alcoholic fatty liver disease: 
Pathophysiology and management. Liver Int. 
2020, 40, 102-108, doi:10.1111/liv.14360

96. Den Besten G.; Bleeker A.; Gerding A.; 
Van Eunen K.; Havinga R.; Van Dijk T.H.; 
Oosterveer M.H.; Jonker J.W.; Groen A.K.; 
Reijngoud D.J.; Bakker B.M. Short-chain fatty 
acids protect against high-fat diet-induced 
obesity via a pparg-dependent switch from 
lipogenesis to fat oxidation. Diabetes. 2015, 64, 
2398-2408, doi:10.2337/db14-1213

97. Bloemen J.G.; Venema K.; van de Poll M.C.; 
Olde Damink S.W.; Buurman W.A.; Dejong 
C.H. Short chain fatty acids exchange across 
the gut and liver in humans measured 
at surgery. Clin Nutr. 2009, 28, 657-661, 
doi:10.1016/j.clnu.2009.05.011

98. Blaak E.E.; Canfora E.E.; Theis S.; Frost G.; 
Groen A.K.; Mithieux G.; Nauta A.; Scott 
K.; Stahl B.; van Harsselaar J.; van Tol R.; 
Vaughan E.E.; Verbeke K. Short chain fatty 
acids in human gut and metabolic health. 
Benef Microbes. 2020, 11, 411-455, doi:10.3920/
BM2020.0057

99. Cummings J.H.; Pomare E.W.; Branch H.W.J.; 
Naylor C.P.E.; MacFarlane G.T. Short chain 
fatty acids in human large intestine, portal, 
hepatic and venous blood. Gut. 1987, 28, 1221-
1227, doi:10.1136/gut.28.10.1221

100. Frampton J.; Murphy K.G.; Frost G.; Chambers 
E.S. Short-chain fatty acids as potential 
regulators of skeletal muscle metabolism 
and function. Nat Metab. 2020, 2, 840-848, 
doi:10.1038/s42255-020-0188-7



208

101. Juanola O.; Ferrusquía-Acosta J.; García-
Villalba R.; Zapater P.; Magaz M.; Marín 
A.; Olivas P.; Baiges A.; Bellot P.; Turon F.; 
Hernández-Gea V.; González-Navajas J.M.; 
Tomás-Barberán F.A.; García-Pagán J.C.; 
Francés R. Circulating levels of butyrate are 
inversely related to portal hypertension, 
endotoxemia, and systemic inflammation 
in patients with cirrhosis. FASEB J. 2019, 33, 
11595-11605, doi:10.1096/fj.201901327R

102. Endo H.; Niioka M.; Kobayashi N.; Tanaka M.; 
Watanabe T. Butyrate-Producing Probiotics 
Reduce Nonalcoholic Fatty Liver Disease 
Progression in Rats: New Insight into the 
Probiotics for the Gut-Liver Axis. Zang M, 
ed. PLoS One. 2013, 8, e63388, doi:10.1371/
journal.pone.0063388

103. Mattace Raso G.; Simeoli R.; Russo R.; Iacono 
A.; Santoro A.; Paciello O.; Ferrante M.C.; 
Canani R.B.; Calignano A.; Meli R. Effects of 
Sodium Butyrate and Its Synthetic Amide 
Derivative on Liver Inflammation and Glucose 
Tolerance in an Animal Model of Steatosis 
Induced by High Fat Diet. PLoS One. 2013, 8, 
1-13, doi:10.1371/journal.pone.0068626

104. Ye J.; Lv L.; Wu W.; Li Y.; Shi D.; Fang D.; 
Guo F.; Jiang H.; Yan R.; Ye W.; Li L. Butyrate 
Protects Mice Against Methionine–Choline-
Deficient Diet-Induced Non-alcoholic 
Steatohepatitis by Improving Gut Barrier 
Function, Attenuating Inflammation and 
Reducing Endotoxin Levels. Front Microbiol. 
2018, 9, 1-16, doi:10.3389/fmicb.2018.01967

105. Chriett S.; Dąbek A.; Wojtala M.; Vidal H.; 
Balcerczyk A.; Pirola L. Prominent action 
of butyrate over β-hydroxybutyrate as 
histone deacetylase inhibitor, transcriptional 
modulator and anti-inflammatory molecule. 
Sci Rep. 2019, 9, 1-14, doi:10.1038/s41598-018-
36941-9

106. Yamada T.; Zhang S.J.; Westerblad H.; Katz A. 
Β-Hydroxybutyrate Inhibits Insulin-Mediated 
Glucose Transport in Mouse Oxidative 
Muscle. Am J Physiol - Endocrinol Metab. 2010, 
299, 364-373, doi:10.1152/ajpendo.00142.2010

107. Geisler C.E.; Ghimire S.; Bogan R.L.; Renquist 
B.J. Role of ketone signaling in the hepatic 
response to fasting. Am J Physiol - Gastrointest 
Liver Physiol. 2019, 316, G623-G631, 
doi:10.1152/ajpgi.00415.2017

108. Puri P.; Wiest M.M.; Cheung O.; Mirshahi F.; 
Sargeant C.; Min H.-K.; Contos M.J.; Sterling 
R.K.; Fuches M.; Zhou H.; Watkins S.M.; 
Sanyal A.J. The Plasma Lipidomic Signature 
of Nonalcoholic Steatohepatitis. Hepatology. 
2009, 50, 1827–1838, doi:10.1002/hep.23229

109. Patterson E.; Wall R.; Fitzgerald G.F.; Ross R.P.; 
Stanton C. Health implications of high dietary 
omega-6 polyunsaturated fatty acids. J Nutr 
Metab. 2012, 2012, doi:10.1155/2012/539426

110. Alhazzaa R.; Sinclair A.J.; Turchini G.M. 
Bioconversion of α-linolenic acid into n-3 
long-chain polyunsaturated fatty acid 
in hepatocytes and ad hoc cell culture 
optimisation. PLoS One. 2013, 8, 1-10, 
doi:10.1371/journal.pone.0073719

111. Popeijus H.E.; van Otterdijk S.D.; van der 
Krieken S.E.; Konings M.; Serbonij K.; Plat 
J.; Mensink R.P. Fatty acid chain length and 
saturation influences PPARα transcriptional 
activation and repression in HepG2 cells. 
Mol Nutr Food Res. 2014, 58, 2342-2349, 
doi:10.1002/mnfr.201400314

112. Di Nunzio M.; Valli V.; Bordoni A. PUFA and 
oxidative stress. Differential modulation of 
the cell response by DHA. Int J Food Sci Nutr. 
2016, 67, 834-843, doi:10.1080/09637486.2016.
1201790

113. Hansen T.V.; Vik A.; Serhan C.N. The protectin 
family of specialized pro-resolving mediators: 
Potent immunoresolvents enabling innovative 
approaches to target obesity and diabetes. 
Front Pharmacol. 2019, 9, 1-17, doi:10.3389/
fphar.2018.01582

114. Gonçalves N.B.; Bannitz R.F.; Silva B.R.; Becari 
D.D.; Poloni C.; Gomes P.M.; Foss M.C.; Foss-
Freitas M.C. α-Linolenic acid prevents hepatic 
steatosis and improves glucose tolerance in 
mice fed a high-fat diet. Clinics (Sao Paulo). 
2018, 73, e150, doi:10.6061/clinics/2018/e150

115. Spite M.; Claria J.; Serhan C.N. Resolvins, 
Specialized Pro-Resolving Lipid Mediators 
and their Potential Roles in Metabolic 
Diseases. Cell Metab. 2014, 19, 21-36, 
doi:10.1016/j.cmet.2013.10.006

116. Serhan C.N. Novel Pro-Resolving Lipid 
Mediators in Inflammation Are Leads for 
Resolution Physiology. Nature. 2014, 510, 92-
101, doi:10.1038/nature13479.Novel



209

GENERAL DISCUSSION

Se
ven

117. Quiros M.; Feier D.; Birkl D.; Agarwal R.; 
Zhou D.W.; García A.J.; Parkos C.A.; Nusrat 
A. Resolvin E1 is a pro-repair molecule that 
promotes intestinal epithelial wound healing. 
Proc Natl Acad Sci U S A. 2020, 117, 9477-9482, 
doi:10.1073/pnas.1921335117

118. Innes J.K.; Calder P.C. Omega-6 fatty acids and 
inflammation. Prostaglandins, Leukot Essent 
Fat Acids. 2018, 132, 41-48, doi:10.1016/j.
plefa.2018.03.004

119. Arita M.; Oh S.F.; Chonan T.; Hong S.; 
Elangovan S.; Sun Y.P.; Uddin J.; Petasis N.A.; 
Serhan C.N. Metabolic inactivation of resolvin 
E1 and stabilization of its anti-inflammatory 
actions. J Biol Chem. 2006, 281, 22847-22854, 
doi:10.1074/jbc.M603766200

120. Serhan C.N.; Levy B.D. Resolvins in 
inflammation: Emergence of the pro-resolving 
superfamily of mediators. J Clin Invest. 2018, 
128, 2657-2669, doi:10.1172/JCI97943

121. Khan S.A.; Ali A.; Khan S.A.; Zahran 
S.A.; Damanhouri G.; Azhar E.; Qadri I. 
Unraveling the Complex Relationship Triad 
between Lipids, Obesity, and Inflammation. 
Mediators Inflamm. 2014, 2014, 502749, 
doi:10.1155/2014/502749

122. Maciejewska D.; Drozd A.; Skonieczna-
Zydecka K.; Skórka-Majewicz M.; Dec K.; 
Jakubczyk K.; Pilutin A.; Stachowska E. 
Eicosanoids in nonalcoholic fatty liver disease 
(NAFLD) progression. Do serum eicosanoids 
profile correspond with liver eicosanoids 
content during NAFLD development 
and progression? Molecules. 2020, 25, 1-9, 
doi:10.3390/molecules25092026

123. Wang M.; Ma L.J.; Yang Y.; Xiao Z.; Wan 
J.B. n-3 Polyunsaturated fatty acids for the 
management of alcoholic liver disease: A 
critical review. Crit Rev Food Sci Nutr. 2019, 
59, S116-S129, doi:10.1080/10408398.2018.154
4542

124. Parker H.M.; Johnson N.A.; Burdon C.A.; 
Cohn J.S.; O’Connor H.T.; George J. Omega-3 
supplementation and non-alcoholic fatty 
liver disease: A systematic review and 
meta-analysis. J Hepatol. 2012, 56, 944-951, 
doi:10.1016/j.jhep.2011.08.018

125. Larter C.Z.; Yeh M.M.; van Rooyen D.M.; 
Brooling J.; Ghatora K.; Farrell G.C. 
Peroxisome proliferator-activated receptor-α 

agonist, Wy 14643, improves metabolic 
indices, steatosis and ballooning in diabetic 
mice with non-alcoholic steatohepatitis. 
J Gastroenterol Hepatol. 2012, 27, 341-350, 
doi:10.1111/j.1440-1746.2011.06939.x

126. Clark R.B. The role of PPARs in inflammation 
and immunity. J Leukoc Biol. 2002, 71, 388-400, 
doi:10.1189/jlb.71.3.388

127. Bougarne N.; Weyers B.; Desmet S.J.; 
Deckers J.; Ray D.W.; Staels B.; De Bosscher 
K. Molecular actions of PPARα in lipid 
metabolism and inflammation. Endocr Rev. 
2018, 39, 760-802, doi:10.1210/er.2018-00064

128. Larter C.Z.; Yeh M.M.; Cheng J.; Williams 
J.; Brown S.; Dela Pena A.; Bell-Anderson 
K.S.; Farrell G.C. Activation of peroxisome 
proliferator-activated receptor α by dietary 
fish oil attenuates steatosis, but does not 
prevent experimental steatohepatitis because 
of hepatic lipoperoxide accumulation. J 
Gastroenterol Hepatol. 2008, 23, 267-275, 
doi:10.1111/j.1440-1746.2007.05157.x

129. Scheiermann P.; Ott J.; Hoegl S.; Hecker M.; 
Hofstetter C.; Seeger W.; Zwissler B.; Bausch 
B.; Boost K.A.; Mayer K. Effects of short-
term infusion of lipid emulsions on pro-
inflammatory cytokines and lymphocyte 
apoptosis in septic and non-septic rats. 
Br J Nutr. 2011, 106, 27-32, doi:10.1017/
S0007114510005751

130. Tiesset H.; Pierre M.; Desseyn J.L.; Guery 
B.; Beermann C.; Galabert C.; Gottrand F.; 
Husson M.O. Dietary (n-3) polyunsaturated 
fatty acids affect the kinetics of pro- And 
antiinflammatory responses in mice with 
pseudomonas aeruginosa lung infection. 
J Nutr. 2009, 139, 82-89, doi:10.3945/
jn.108.096115

131. Diehl K.L.; Vorac J.; Hofmann K.; Meiser P.; 
Unterweger I.; Kuerschner L.; Weighardt 
H.; Förster I.; Thiele C. Kupffer Cells Sense 
Free Fatty Acids and Regulate Hepatic 
Lipid Metabolism in High-Fat Diet and 
Inflammation. Cells. 2020, 9, doi:10.3390/
cells9102258

132. Lee G.S.; Yan J.S.; Ng R.K.; Kakar S.; Maher 
J.J. Polyunsaturated fat in the methionine-
choline-deficient diet influences hepatic 
inflammation but not hepatocellular injury. J 
Lipid Res. 2007, 48, 1885-1896, doi:10.1194/jlr.
M700181-JLR200



210

133. Provenzano A.; Milani S.; Vizzutti F.; 
Delogu W.; Navari N.; Novo E.; Maggiora 
M.; Maurino V.; Laffi G.; Parola M.; Marra 
F. N-3 polyunsaturated fatty acids worsen 
inflammation and fibrosis in experimental 
nonalcoholic steatohepatitis. Liver Int. 2014, 
34, 918-930, doi:10.1111/liv.12500

134. Jenkinson A.; Franklin M.F.; Wahle K.; Duthie 
G.G. Dietary intakes of polyunsaturated fatty 
acids and indices of oxidative stress in human 
volunteers. Eur J Clin Nutr. 1999, 53, 523-528, 
doi:10.1038/sj.ejcn.1600783

135. Wang X.H.; Cui X.X.; Sun X.Q.; Wang X. hui; 
Li X.C.; Qi Y.; Li W.; Han M.Y.; Muhammad 
I.; Zhang X.Y. High fat diet-induced hepatic 
18-carbon fatty acids accumulation up-
regulates CYP2A5/CYP2A6 via NF-E2-
related factor 2. Front Pharmacol. 2017, 8, 1-12, 
doi:10.3389/fphar.2017.00233

136. Liu M.; Montgomery M.K.; Fiveash C.E.; 
Osborne B.; Cooney G.J.; Bell-Anderson K.; 
Turner N. PPARα -independent actions of 
omega-3 PUFAs contribute to their beneficial 
effects on adiposity and glucose homeostasis. 
Sci Rep. 2014, 4, 1-9, doi:10.1038/srep05538

137. Jeyapal S.; Kona S.R.; Mullapudi S.V.; Putcha 
U.K.; Gurumurthy P.; Ibrahim A. Substitution 
of linoleic acid with α-linolenic acid or 
long chain n-3 polyunsaturated fatty acid 
prevents Western diet induced nonalcoholic 
steatohepatitis. Sci Rep. 2018, 8, 1-14, 
doi:10.1038/s41598-018-29222-y

138. Jordão Candido C.; Silva Figueiredo P.S.; 
Del Ciampo Silva R.; Candeloro Portugal 
L.; Augusto dos Santos Jaques J.; Alves 
de Almeida J.; de Barros Penteado B.; 
Albuquerque Dias D.; Marcelino G.; Pott A.; 
de Cássia Avellaneda Guimarães R.; Aiko 
Hiane P. Protective Effect of α-Linolenic Acid 
on Non-Alcoholic Hepatic Steatosis and 
Interleukin-6 and -10 in Wistar Rats. Nutrients. 
2019, 12, 1-15, doi:10.3390/nu12010009

139. Howell G.; Deng X.; Yellaturu C.; Park E.A.; 
Wilcox H.G.; Raghow R.; Elam M.B. N-3 
polyunsaturated fatty acids suppress insulin-
induced SREBP-1c transcription via reduced 
trans-activating capacity of LXRα. Biochim 
Biophys Acta - Mol Cell Biol Lipids. 2009, 1791, 
1190-1196, doi:10.1016/j.bbalip.2009.08.008

140. Bargut T.C.L.; Frantz E.D.C.; Mandarim-De-
Lacerda C.A.; Aguila M.B. Effects of a diet rich 
in n-3 polyunsaturated fatty acids on hepatic 
lipogenesis and beta-oxidation in mice. Lipids. 
2014, 49, 431-444, doi:10.1007/s11745-014-
3892-9

141. Issara U.; Park S.; Park S. Determination of 
fat accumulation reduction by edible fatty 
acids and natural waxes in vitro. Food Sci 
Anim Resour. 2019, 39, 430-445, doi:10.5851/
kosfa.2019.e38

142. Liang Y.; Zhang Z.; Tu J.; Wang Z.; Gao X.; 
Deng K.; El-Samahy M.A.; You P.; Fan Y.; 
Wang F. γ-Linolenic Acid Prevents Lipid 
Metabolism Disorder in Palmitic Acid-
Treated Alpha Mouse Liver-12 Cells by 
Balancing Autophagy and Apoptosis via the 
LKB1-AMPK-mTOR Pathway. J Agric Food 
Chem. 2021, 69, 8257-8267, doi:10.1021/acs.
jafc.1c02596

143. Kohjima M.; Enjoji M.; Higuchi N.; Kato M.; 
Kotoh K.; Nakashima M.; Nakamuta M. The 
effects of unsaturated fatty acids on lipid 
metabolism in HepG2 cells. Vitr Cell Dev Biol 
- Anim. 2009, 45, 6-9, doi:10.1007/s11626-008-
9144-7

144. Fritsche K. Important differences exist in 
the dose-response relationship between diet 
and immune cell fatty acids in humans and 
rodents. Lipids. 2007, 42, 961-979, doi:10.1007/
s11745-007-3106-9

145. Sanyal A.J.; Abdelmalek M.F.; Suzuki 
A.; Cummings O.W.; Chojkier M. No 
significant effects of ethyl-eicosapentanoic 
acid on histologic features of nonalcoholic 
steatohepatitis in a phase 2 triaL. 
Gastroenterology. 2014, 147, 377-384.e1, 
doi:10.1053/j.gastro.2014.04.046

146. Mordes J.P.; Liu C.; Xu S. Medications 
for weight loss. Curr Opin Endocrinol 
Diabetes Obes. 2015, 22, 91-97, doi:10.1097/
MED.0000000000000140

147. Vyas D.; Kadegowda A.K.G.; Erdman 
R.A. Dietary conjugated linoleic acid and 
hepatic steatosis: Species-specific effects 
on liver and adipose lipid metabolism and 
gene expression. J Nutr Metab. 2012, 2012, 
doi:10.1155/2012/932928



211

GENERAL DISCUSSION

Se
ven

148. Liu L.F.; Purushotham A.; Wendel A.A.; Belury 
M.A. Combined effects of rosiglitazone and 
conjugated linoleic acid on adiposity, insulin 
sensitivity, and hepatic steatosis in high-
fat-fed mice. Am J Physiol - Gastrointest Liver 
Physiol. 2007, 292, 1671-1682, doi:10.1152/
ajpgi.00523.2006

149. Sasaki F.; Yokomizo T. The leukotriene 
receptors as therapeutic targets of 
inflammatory diseases. Int Immunol. 2019, 4, 
doi:10.1093/intimm/dxz044

150. Peters-Golden M. Expanding roles for 
leukotrienes in airway inflammation. 
Curr Allergy Asthma Rep. 2008, 8, 367-373, 
doi:10.1007/s11882-008-0057-z

151. Wenzel S.E. The role of leukotrienes in asthma. 
Prostaglandins Leukot Essent Fat Acids. 2003, 
69, 145-155, doi:10.1016/S0952-3278(03)00075-
9

152. Mashima R.; Okuyama T. The role of 
lipoxygenases in pathophysiology; new 
insights and future perspectives. Redox 
Biol. 2015, 6, 297-310, doi:10.1016/j.
redox.2015.08.006

153. Rossi A.; Pergola C.; Koeberle A.; Hoffmann 
M.; Dehm F.; Bramanti P.; Cuzzocrea S.; 
Werz O.; Sautebin L. The 5-lipoxygenase 
inhibitor, zileuton, suppresses prostaglandin 
biosynthesis by inhibition of arachidonic 
acid release in macrophages. Br J Pharmacol. 
2010, 161, 555-570, doi:10.1111/j.1476-
5381.2010.00930.x

154. Spector L.S. Safety of antileukotriene agents 
in asthma management. Ann Allergy, Asthma 
Immunol. 2001, 86, 18-23, doi:10.1016/s1081-
1206(10)62307-1

155. Martínez-Clemente M.; Clària J.; Titos E. 
The 5-lipoxygenase/leukotriene pathway 
in obesity, insulin resistance, and fatty 
liver disease. Curr Opin Clin Nutr Metab 
Care. 2011, 14, 347-353, doi:10.1097/
MCO.0b013e32834777fa

156. Samala N.; Tersey S.A.; Chalasani N.; 
Anderson R.M.; Mirmira R.G. Molecular 
mechanisms of nonalcoholic fatty liver 
disease: Potential role for 12-lipoxygenase. 
J Diabetes Complications. 2017, 31, 1630-1637, 
doi:10.1016/j.jdiacomp.2017.07.014

157. Bell R.L.; Young P.R.; Albert D.; Lanni C.; 
Summers J.B.; Brooks D.W.; Rubin P.; Carter 
G.W. The discovery and development of 
zileuton: An orally active 5-lipoxygenase 
inhibitor. Int J Immunopharmacol. 1992, 14, 505-
510, doi:10.1016/0192-0561(92)90182-K

158. Berger W.; De Chandt M.T.M.; Cairns 
C.B. Zileuton: Clinical implications of 
5-Lipoxygenase inhibition in severe airway 
disease. Int J Clin Pract. 2007, 61, 663-676, 
doi:10.1111/j.1742-1241.2007.01320.x

159. Werz O.; Gerstmeier J.; Garscha U. Novel 
leukotriene biosynthesis inhibitors (2012-
2016) as anti-inflammatory agents. Expert 
Opin Ther Pat. 2017, 27, 607-620, doi:10.1080/
13543776.2017.1276568

160. Mothe-Satney I.; Filloux C.; Amghar H.; Pons 
C.; Bourlier V.; Galitzky J.; Grimaldi P.A.; 
Féral C.C.; Bouloumié A.; Van Obberghen E.; 
Neels J.G. Adipocytes secrete leukotrienes: 
Contribution to obesity-associated 
inflammation and insulin resistance in mice. 
Diabetes. 2012, 61, 2311-2319, doi:10.2337/
db11-1455

161. Vollmar B.; Menger M.D. The hepatic 
microcirculation: Mechanistic contributions 
and therapeutic targets in liver injury and 
repair. Physiol Rev. 2009, 89, 1269-1339, 
doi:10.1152/physrev.00027.2008

162. Szczepańska A.A.; Łupicka M.; Socha B.M.; 
Korzekwa A.J. The influence of arachidonic 
acid metabolites on PPAR and RXR 
expression in bovine uterine cells. Gen Comp 
Endocrinol. 2018, 262, 27-35, doi:10.1016/j.
ygcen.2018.03.009

163. Schild R.L.; Schaiff W.T.; Carlson M.G.; 
Cronbach E.J.; Nelson D.M.; Sadovsky Y. 
The activity of PPARγ in primary human 
trophoblasts is enhanced by oxidized lipids. 
J Clin Endocrinol Metab. 2002, 87, 1105-1110, 
doi:10.1210/jc.87.3.1105

164. Chen G.G.; Xu H.; Lee J.F.Y.; Subramaniam M.; 
Leung K.L.; Wang S.H.; Chan U.P.F.; Spelsberg 
T.C. 15-Hydroxy-eicosatetraenoic acid 
arrests growth of colorectal cancer cells via 
a peroxisome proliferator-activated receptor 
gamma-dependent pathway. Int J Cancer. 2003, 
107, 837-843, doi:10.1002/ijc.11447



212

165. Straus D.S.; Glass C.K. Anti-inflammatory 
actions of PPAR ligands: new insights on 
cellular and molecular mechanisms. Trends 
Immunol. 2007, 28, 551-558, doi:10.1016/j.
it.2007.09.003

166. Grygiel-Górniak B. Peroxisome proliferator-
activated receptors and their ligands: 
Nutritional and clinical implications - A 
review. Nutr J. 2014, 13, 1-10, doi:10.1186/1475-
2891-13-17

167. Li P.; Oh D.Y.; Bandyopadhyay G.; Lagakos 
W.S.; Talukdar S.; Osborn O.; Johnson A.; 
Chung H.; Maris M.; Ofrecio J.M.; Taguchi S.; 
Lu M.; Olefsky J.M. LTB4 causes macrophage–
mediated inflammation and directly induces 
insulin resistance in obesity. Nat Med. 2015, 21, 
239-247, doi:10.1038/nm.3800

168. Vanderhoek J.Y. Biological Effects of Hydroxy 
Fatty Acids. In: Lands WEM, ed. Biochemistry 
of Arachidonic Acid Metabolism. 1st ed. Boston: 
Martinus Nijhoff Publishing; 1985:213-226.

169. Liss K.H.H.; Finck B.N. PPARs and 
nonalcoholic fatty liver disease. Biochimie. 2017, 
136, 65-74, doi:10.1016/j.biochi.2016.11.009

170. Laeger T.; Henagan T.M.; Albarado D.C.; 
Redman L.M.; Bray G.A.; Noland R.C.; 
Münzberg H.; Hutson S.M.; Gettys T.W.; 
Schwartz M.W.; Morrison C.D. FGF21 is an 
endocrine signal of protein restriction. J Clin 
Invest. 2014, 124, 3913-3922, doi:10.1172/
JCI74915

171. Hao L.; Huang K.-H.; Ito K.; Sae-tan S.; 
Lambert J.D.; Ross A.C. Fibroblast Growth 
Factor 21 (Fgf21) Gene Expression Is Elevated 
in the Liver of Mice Fed a High-Carbohydrate 
Liquid Diet and Attenuated by a Lipid 
Emulsion but Is Not Upregulated in the 
Liver of Mice Fed a High-Fat Obesogenic 
Diet. J Nutr. 2016, 146, 184-190, doi:10.3945/
jn.115.216572

172. Yu H.; Xia F.; Lam K.S.L.; Wang Y.; Bao Y.; 
Zhang J.; Gu Y.; Zhou P.; Lu J.; Jia W.; Xu A. 
Circadian rhythm of circulating fibroblast 
growth factor 21 is related to diurnal changes 
in fatty acids in humans. Clin Chem. 2011, 57, 
691-700, doi:10.1373/clinchem.2010.155184

173. Schwarz J.M.; Linfoot P.; Dare D.; 
Aghajanian K. Hepatic de novo lipogenesis 
in normoinsulinemic and hyperinsulinemic 
subjects consuming high-fat, low-
carbohydrate and low-fat, high-carbohydrate 
isoenergetic diets. Am J Clin Nutr. 2003, 77, 43-
50, doi:10.1093/ajcn/77.1.43

174. Diraison F.; Moulin P.H.; Beylot M. 
Contribution of hepatic de novo lipogenesis 
and reesterification of plasma non esterified 
fatty acids to plasma triglyceride synthesis 
during non-alcoholic fatty liver disease. 
Diabetes Metab. 2003, 29, 478-485

175. Duarte J.A.G.; Carvalho F.; Pearson M.; Horton 
J.D.; Browning J.D.; Jones J.G.; Burgess S.C. A 
high-fat diet suppresses de novo lipogenesis 
and desaturation but not elongation and 
triglyceride synthesis in mice. J Lipid Res. 2014, 
55, 2541-2553, doi:10.1194/jlr.M052308

176. Amengual J.; Petrov P.; Bonet M.L.; Ribot J.; 
Palou A. Induction of carnitine palmitoyl 
transferase 1 and fatty acid oxidation by 
retinoic acid in HepG2 cells. Int J Biochem 
Cell Biol. 2012, 44, 2019-2027, doi:10.1016/j.
biocel.2012.07.026

177. Montaigne D.; Butruille L.; Staels B. PPAR 
control of metabolism and cardiovascular 
functions. Nat Rev Cardiol. 2021, 1, doi:10.1038/
s41569-021-00569-6



213

GENERAL DISCUSSION

Se
ven




	Chapter 7



