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Chapter 1 
 

General Introduction  

 

 

Imbalance of energy intake and expenditure lead to obesity and insulin resistance 

Metabolic syndrome is the clustering of cardiovascular risk factors such as obesity, 

insulin resistance, hypertension, hypertriglyceridemia and low HDL-C [1]. 

Development of metabolic syndrome is generally considered to be the result of an 

imbalance in energy intake and expenditure [2]. Accordingly, in current modern 

society, where low-cost high-energy food is readily available, and physical exercise 

easily avoided, metabolic syndrome is more prevalent than ever [3]. Likewise, while it 

follows that a solution for this ‘pandemic’ of obesity consists of an overall decrease in 

food intake and concomitant increase in physical exercise, such life-style changes have 

proven difficult to induce, and even harder to maintain in affected individuals [4]. 

Therefore, barring rigorous interventions in the status quo of eating and drinking ad 

libitum [5], increasing our understanding of metabolic syndrome and thereby 

identifying pharmaceutical targets to ameliorate symptoms of overeating more 

obliquely remain necessary. 

Of the many risk factors within metabolic syndrome, insulin resistance takes a very 

prominent place. The prevailing paradigm on insulin resistance is that it is triggered by 

exceeding the storage capacity of fat [6]. Upon exceeding the storage capacity of fat, 

fatty acids will start leaking into other tissues than adipose tissue, leading to ectopic fat 

deposits and interfering with normal tissue function in the various organs [7]. 

However, what molecules, signals and pathways subsequently mediate the ensuing 

insulin resistance, and how much weight these pathways contribute to the overall 

insulin resistance, is not entirely clear.  

A popular view on insulin resistance in the past was the Randle hypothesis, that stated 

that free fatty acids compete with glucose for entry in the tricarboxylic acid (TCA) 

cycle, and that upon a surplus of free fatty acids, free fatty acid – derived acetyl-CoA 

gains priority whereas entry of glucose in the TCA-cycle is inhibited by inhibition of 

pyruvate dehydrogenase [8]. Because of inhibition of pyruvate dehydrogenase and 

phosphofructokinase, substrates upstream in the glycolytic pathway including glucose-

6-phosphate would then increase, leading to a decrease of glucose uptake through 

product inhibition of hexokinase. Work of Shulman et al. however has shown that this 

sequence of events is not induced by insulin resistance. Healthy individuals receiving 

infusions with lipid emulsions (Intralipid) and heparin, inducing high serum free fatty 

acids, show a decrease rather than increase in muscle glucose-6-phosphate [9]. This 
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observation paved the way for the current palette of hypotheses, that center on how 

influx of free fatty acids may lead to accumulation of various metabolites that interfere 

with or trigger signaling pathways leading to a decrease in cellular glucose uptake. 

Specifically, diacylglycerols are considered to activate protein kinase C theta in the 

muscle, leading to decreased activation of AKT2 and decreased uptake of glucose 

through interfering with insulin signaling at the level or IRS1 [10]. Similarly, 

ceramides and glucosylceramides are thought to inhibit AKT2 directly through 

promoting phosphorylation by protein kinase C zeta [11]. Furthermore, fatty acids have 

been shown to induce the unfolded protein response, which has been implicated in 

insulin resistance through IRE-1 mediated activation of JNK1, in turn leading to serine 

phosphorylation of IRS1 [12,13]. In addition, fatty acid oxidation capacity may be 

impaired in insulin resistant individuals, leading to incomplete beta-oxidation and 

higher levels of acyl-carnitines [14]. Moreover, this surplus of fatty acids occupying 

the pathways for fatty acid oxidation may lead to higher proportions of branched chain 

amino acids to be converted to alanine, serine and glycine and shuttled into 

gluconeogenesis, thus contributing to higher plasma glucose levels [15,16]. Similarly, 

the increased amount of glycerol released from adipose tissue in insulin resistant states, 

that necessarily co-occurs with ‘leakage’ of fatty acids from adipose tissue, is also 

considered an important contributor to the observed increased rate of endogenous 

glucose production in insulin resistance [9]. In that regard, it is interesting that the 

central idea behind the Randle hypothesis, that of substrate competition at the level of 

entry into the TCA-cycle has received renewed interest [17]. Recently, Perry et al. 

showed that increased liver levels of fatty acids lead to inhibition of pyruvate 

dehydrogenase and activation of pyruvate carboxylase, in turn enhancing 

gluconeogenesis [18].  

All in all, the broader picture behind all these observations is that in the case of energy 

excess, at cellular, organ and whole body level mechanisms become active to mitigate 

damage by accumulating metabolites, however that in the end these substrates will 

follow the path of least resistance, of which hyperglycemia is one of the consequences. 

 

 

Hypertriglyceridemia in metabolic syndrome is due to both increased VLDL-TG 

production and decreased LPL-activity 

Dyslipidemia in metabolic syndrome is driven by increased production of VLDL [19]. 

In turn, this increased rate of VLDL-production is considered to be the result of both 

increased hepatic de novo lipogenesis and increased availability of free fatty acids from 

the adipose tissue [20–24]. Production of apoB100, the apoprotein required for 

production of VLDL, is nonstop and hardly subject to regulation [25]. Instead, VLDL-

production is mostly controlled through posttranslational processes [19,25]. VLDL 
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may be reabsorbed after secretion through LDLR and degraded lysosomally, be 

degraded by the ubiquitin-proteasome system upon insufficient lipidation after 

translocation to the ER, or be degraded through a post-endoplasmatic reticulum, pre-

secretory proteolytic process (PERPP). Through induction of PERPP, insulin inhibits 

VLDL-production [26].  

Besides VLDL-TG production, VLDL-TG clearance also plays a major role in 

hypertriglyceridemia of metabolic syndrome [24,27]. In fact, the fractional catabolic 

rate of VLDL commonly explains the larger part of the variance in TG-pools between 

individuals [24]. Furthermore, postprandial plasma triglycerides are mainly associated 

with fasting VLDL-clearance rates rather than production rates, and postprandial 

hypertriglyceridemia is an important determinant for atherosclerotic disease risk 

[28,29]. Clearance of TG in both VLDL and chylomicrons is mostly determined by 

LPL-activity. Since LPL-activity is rate-limiting for the distribution of energy across 

tissues, LPL-activity is highly regulated [30]. After transcription of LPL in the 

respective tissues, LPL is transferred to the endothelial cell wall and tethered to GPI-

HBP [31]. Transcription of LPL, at least in adipose tissue, is promoted by insulin and 

by activation of PPARgamma. Activity of LPL however, is mostly regulated post-

transcriptionally and modulated by production of apoproteins in the liver and by local 

production of ANGPTL3, ANGPTL4 and ANGPTL8 in the respective tissues [30]. 

ApoC2 is a necessary co-factor for LPL-activity, whereas apoC1 and apoC3 inhibit 

LPL-activity. ApoA5 is another LPL-activity enhancing apoprotein, whereas apoE 

reduces LPL-activity. ANGPTL3, ANGPTL4 and ANGPTL8 all inhibit LPL-activity. 

ANGPTL3 is secreted by the liver, is downregulated by insulin, and upregulated by 

LXR. ANGPTL4 is expressed by many more tissues, including liver, muscle and 

adipose tissue and is expressed in response to PPAR-activation [32]. In the 

postprandial state, ANGPTL8 is expressed in the liver, and inhibits LPL in cardiac and 

skeletal muscle, making more available for adipose tissue. During fasting on the other 

hand, ANGPTL4 is upregulated in the adipose tissue, so that more VLDL-TG becomes 

available for other tissues. This has led to the model where ANGPTL3, -4 and -8 work 

together in directing TG to the appropriate tissues according to demand [33]. Apart 

from feeding and fasting, another important physiological modulator of LPL-activity is 

exercise. Exercise enhances activity of LPL, creating an effective way to reduce 

plasma TG, and thus help in reducing cardiovascular risk in metabolic syndrome [30].  

 

 

The link between energy excess and changes in cholesterol and bile acid 

metabolism is less wel established 

In patients with metabolic syndrome, increased levels of small dense LDL are observed 

[34]. Because of their smaller size, these LDL particles  are more atherogenic than 
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normal-density LDL. Small dense LDL is produced in the presence of high plasma 

triglycerides, through cholesteryl-ester transfer protein (CETP)-mediated exchange of 

LDL-CE for TG from triglyceride-rich lipoproteins and subsequent hydrolysis of the 

transferred TG in LDL by hepatic lipase. Interestingly, plasma LDL-C levels are 

generally only marginally increased in metabolic syndrome [35]. In fact, while plasma 

LDL-C may be central to the development of atherosclerosis, high plasma LDL-C is 

not considered central to metabolic syndrome, as is illustrated by the absence of 

increased LDL-C in all of the criteria set out for metabolic syndrome [36]. The 

observed increase in LDL-C in metabolic syndrome may be due to the increased 

VLDL-TG production rate [37]. However, a decrease in LDLR-expression also 

contributes [35,38]. While it is not exactly clear why LDLR-expression is decreased in 

metabolic syndrome, a possible mechanism is that anabolic signaling (i.e. 

hyperinsulinemia) leads to a decrease in AMPK-activation, in turn activating SREBP1c 

and SREBP2, whereby the latter will decrease LDLR-expression [39]. Finally, there is 

evidence that cholesterol synthesis in metabolic syndrome is increased [40]. 

Absorption of cholesterol on the other hand does not appear to be increased in 

metabolic syndrome, although increased absorption increases the risk of atherosclerosis 

[40,41]. Thus all in all, considering that metabolic syndrome is defined as a clustering 

of cardiovascular risk factors with the exclusion of plasma LDL-C, and that at the same 

time plasma LDL-C and thus cholesterol metabolism are central to cardiovascular risk, 

the links between metabolic syndrome and cholesterol metabolism in the strict sense 

are relatively weak. On the other hand, any intervention that modulates cholesterol 

metabolism in such a way that plasma LDL-C is decreased, will likely decrease 

cardiovascular risk, also in metabolic syndrome. Therefore, increasing our 

understanding of cholesterol metabolism is important in order to learn how 

cardiovascular risk in metabolic syndrome patients may be reduced. 

After all, cholesterol is not just any metabolite, it is an essential constituent of cellular 

membranes and thereby an essential component of life. The importance of cholesterol 

for cellular function is further underlined by the fact that virtually every cell is able to 

synthesize cholesterol [42]. Cholesterol requires a high amount of energy for its 

synthesis and once synthesized there are very few pathways available for clearance of 

cholesterol [42].  

In fact, the only meaningful pathway of cholesterol catabolism is bile acid production 

[43]. Since bile acids are not metabolized further they are only cleared from the body 

through biliary secretion and subsequent fecal excretion, which is also the main route 

for cholesterol clearance. Though bile acids promote intestinal cholesterol absorption 

and produced bile acids are efficiently reabsorbed by the ileum [44], they are very 

important for cholesterol clearance, in fact 45% of sterols are excreted as bile acids, 

versus 55% as neutral sterols [43]. However, apart from clearing cholesterol through 
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biliary cholesterol and bile acid secretion, cholesterol is also cleared through trans-

intestinal cholesterol excretion (TICE), the flow of cholesterol from the plasma 

compartment into the intestinal lumen [45]. While originally found to be present in 

mice, TICE has only recently shown to be present in humans as well [46]. Since 

perturbing either the synthesis, absorption or secretion pathways of cholesterol will 

change cholesterol balance and affect plasma LDL-C levels [47], these pathways are 

highly regulated and their regulators provide important pharmaceutical targets for the 

treatment of hypercholesterolemia. 

Synthesis is controlled by expression of HMG-CoA reductase (HMGCR), that is in 

turn regulated primarily by the activity of SREBP2. When cholesterol levels are 

sufficient SREBP2 is retained in the endoplasmic reticulum by SCAP and INSIG1. 

However, upon decreasing levels of intracellular cholesterol, the SCAP-SREBP2 

complex is released by INSIG1 and translocates to the Golgi system.  In the Golgi 

system, SREBP2 is cleaved by the proteases S1P and S2P. The NH2-terminal domain 

of SREBP2 will then translocate to the nucleus and promote transcription of HMGCR 

[48,49].  

LXR is a nuclear receptor that is activated by oxysterols and functions as a cholesterol 

sensor. Upon activation, LXR promotes transcription of genes leading to increased 

cholesterol efflux. In the liver, biliary secretion of cholesterol is enhanced by increased 

transcription of ABCG5/G8. In the intestine, cholesterol absorption is decreased by 

increasing expression of ABCG5/G8 and decreasing expression of NPC1L1 [50]. 

Furthermore, LXR-activation leads to increases in plasma HDL-C through 

upregulation of ABCA1 in liver and peripheral tissues, with concurrent diminished 

recruitment of SRB1 to the hepatocyte plasma membrane [50,51]. 

FXR is a nuclear receptor central to regulation of bile acid production [52]. Upon 

activation by bile acids, FXR decreases bile acid production by increasing expression 

of Shp1, which in turn downregulates CYP7A1, the key enzyme in bile acid synthesis 

[53]. Furthermore, FXR-activation in the small intestine leads to increased secretion of 

FGF15/FGF19, that also results in downregulation of hepatic CYP7A1, thus 

decreasing bile acid production [54]. At the same time, FXR activation in the intestine 

triggers decreased expression of ASBT and increased expression of the basolateral bile 

acid exporter OSTa/b, with the net result being enhanced reuptake of bile acid from the 

intestinal lumen and further decreasing the fecal bile acid output and thus bile acid 

production [55].  

Apart from these most important roles, both FXR and LXR are also considered to 

regulate  fatty acid metabolism, where LXR promotes de novo lipogenesis and FXR 

promotes fatty acid oxidation [56]. Because of the properties of LXR to stimulate 

reverse cholesterol synthesis, they have been studied intensively in animal models, and 

to some extent in healthy volunteers [45,57,58]. Unfortunately, to date all LXR-
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agonists tested induce hepatic steatosis in humans and tend to lead to increased plasma 

TG and LDL, making them unsuitable for treatment and prevention of atherosclerosis 

[58]. FXR-agonists on the other hand, given the role of FXR in enhancing fatty acid 

oxidation and inhbiting de novo lipogenesis may produce the opposite effect, and thus 

decrease hepatic steatosis, decrease plasma TG and decrease LDL [56]. Interestingly, 

FXR-agonism results in a decrease of HDL-C, as opposed to the effect of LXR-

agonism, that leads to increased plasma HDL-C [59]. Furthermore, FXR-agonism at 

least in mice resulted in decreased cholesterol absorption through decreasing 

production of bile acids and by shifting the bile acid profile to more hydrophilic bile 

acids, which may help in reducing plasma LDL-C as well [59]. Another way of 

decreasing cholesterol absorption is through inhibiting NPC1L1, the cholesterol 

absorber protein in the intestinal brush border, by ezetimibe [60]. Interestingly, 

ezetimibe also increases TICE [46]. Moreover, the combined use of an FXR-agonist 

with ezetimibe can lead to a huge increase in TICE and reduces plasma LDL-C in 

animal experiments [59]. Interestingly, while statins are thought to decrease plasma 

LDL-C by decreasing cholesterol synthesis through inhibition of HMG-CoA reductase, 

in vivo statin treatment actually leads to enhanced cholesterol synthesis and plasma 

LDL-C is decreased by increased excretion of cholesterol and increased LDLR 

expression, at least in mice [61]. Thus, enhancing cholesterol excretion may be more of 

an effective strategy in decreasing LDL-C then inhibiting synthesis. All in all, in the 

future combination treatments of a statin, FXR-agonist and ezetimibe may become the 

preferred way to promote cholesterol excretion, decrease plasma LDL-C and reverse 

atherosclerosis. 

 

 

Studying metabolic syndrome in mice requires an adequate animal model 

Knowledge of metabolic syndrome greatly relies on results from animal experiments. 

In the end however, we want to treat metabolic syndrome in man, not in mouse. 

Unfortunately, species differences may contribute to a failure to translate findings from 

animal experiments to human studies [62]. An important difference in lipoprotein 

metabolism between humans and mice, is that mice carry most of their plasma 

cholesterol in HDL, whereas humans have higher plasma levels of LDL and lower 

levels of HDL. The reason for this difference is that mice lack the enzyme 

cholesterylester transfer protein (CETP), which facilitates the exchange of cholesterol 

ester and triglyceride between lipoproteins [63]. Furthermore, plasma levels of 

triglyceride and cholesterol in mice are generally lower than in humans [64]. 

Therefore, in studies of lipoprotein metabolism, atherosclerosis and metabolic 

syndrome, it would be preferable to use mice that have a humanized lipid profile. In 

these studies, APOE*3Leiden.CETP – mice were used, that have reduced remnant 
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clearance through APOE*3Leiden heterozygosity, and that have most of their 

cholesterol in LDL, because they are heterozygous for CETP as well [65,66]. This 

mouse model has been shown to display the same response as humans to a broad group 

of drugs [67]. Thus, using such a humanized mouse model will increase the chance that 

the experimental findings will be applicable to humans as well.  

 

 

Computational modeling is a valuable tool for improving understanding of 

metabolic syndrome 

To make more sense of the inherent complexity of metabolic syndrome, computational 

modeling may be used. Computational modeling includes the translation of implicit 

ideas to explicit formal mathematical equations [68]. Thus, one of the benefits of 

modeling is that it forces us to make assumptions explicit, and thus assists in clarifying 

how we think about the system. Furthermore, computational modeling allows for 

perturbations that may not be possible in vivo, because of practical or ethical 

constraints [69]. 

Of the various methods available for computational modeling, ordinary differential 

equations (ODE) are the most widely used.  One of the properties of ODE models is 

that parameters generally have a fixed value for the simulation time of the model. 

However, when modeling longer term biological processes, this may no longer be an 

appropriate assumption. This is why Analysis of Dynamic Adaptations in Parameter 

Trajectories (ADAPT) was developed, so that parameters would be allowed to slowly 

change over time, and reflect the changes in the corresponding biological processes 

[70]. An example where ADAPT proved to be successful was in predicting the 

response to LXR-agonist treatment, where it was successfully predicted that SR-B1 

would be decreased in the hepatocyte plasma membrane [51].  

Another property of ODE models is that the compartments in ODE models reflect 

well-mixed pools of homogeneous substrates. Unfortunately this is often not an 

appropriate assumption, especially in the case of lipoprotein metabolism. Alternatively, 

agent-based models may be used [71]. In agent-based models the modeling centers 

around agents, that may be viewed as in-silico individuals that are given a set of 

properties and a set of rules on how to interact with other agents. Since properties of 

these agents can all be changed individually, dealing with heterogeneity becomes much 

more straightforward. Applied to lipoprotein metabolism, since lipoprotein-

representing agents can be modeled separately, the modeling of exchanges of lipids 

between lipoproteins can be tailored to the properties of the individual lipoproteins. 

All in all, computational modeling can be a versatile tool in the pursuit to better 

understand biological processes.  
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Outline of thesis 

 

Chapter 2 provides an overview of computational models of cholesterol metabolism. It 

discusses these models in detail, reproduces these models from the corresponding 

publications, and even subjects these models to a test, attempting to replicate the effect 

of statins. The idea was that if models would be able to show some kind of general 

applicability, thus even show some validity outside the scope of the model’s intended 

purpose, it could potentially serve as a module in a larger-scale model. While some 

models are indeed able to pass our artificial test, the general conclusion is that the field 

on the whole is still in its infancy, and that better models, i.e. capturing more 

phenomena, are likely to emerge in the coming decades. 

 

Chapter 3 is pioneering agent-based modeling in the field of lipoprotein metabolism. 

Applying the concepts of agent-based modeling, the model generates in-silico 

lipoprotein agents interacting with each other based on their different properties (i.e. 

size, lipid core composition, surface area), thus allowing for studying the effect of the 

intrinsic heterogeneity within lipoproteins and how lipid exchange between 

lipoproteins affects the lipoprotein profile. It is then found that the current dogma that 

increased VLDL-production coincides with increased clearance of apoA-I and HDL, 

can only be replicated in the model if an HDL-independent pathway of surface lipid 

removal from VLDL is assumed. 

 

Chapter 4 describes the evolution of male humanized APOE*3Leiden.CETP mouse on 

a Western diet over a period of 6 months. A major finding of this study was that body 

weight, plasma lipids and insulin resistance do not simply monotonically increase over 

time, but that a maximum is achieved, after which these parameters change in the 

opposite direction. Interestingly, the change in plasma lipids is reminiscent of the 

trajectory of plasma lipids in men, that also decrease at advanced age. Another 

important observation of the study is that APOE*3Leiden.CETP mice show great 

variation in their response to the Western diet in terms of development of body weight 

and plasma lipid increase. 

 

In Chapter 5 ADAPT is applied to the data from the experiment described in Chapter 4. 

ADAPT then predicts differences in energy expenditure and cholesterol homeostasis 

between animals that respond with high plasma TG (responders) and animals that 

respond with low plasma TG (non-responders). Interestingly, while the predictions on 

increased energy expenditure and decreased cholesterol absorption in non-responders 

could not be confirmed in validation studies, ADAPT did direct us to focus on 

differences in fat absorption between animals. This eventually brought us to the finding 
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that there is a tight correlation between fecal bile acid excretion and fat excretion, and 

thus that differences in bile acid homeostasis may in part explain the heterogeneity 

observed in these animals. 

 

In Chapter 6, using an FXR-agonist, bile acid homeostasis is perturbed in 

APOE*3Leiden.CETP mice on Western diet. Interestingly, treatment with the FXR-

agonist PX20606 greatly reduces plasma TG and TC in these mice and also decreases 

body weight on a Western diet. Furthermore, while liver fat was not decreaseed upon 

FXR-agonist treatment, PX20606 treated animals presented with periportal fat 

accumulation, while untreated animals accumulated fat pericentrally. Computational 

modeling suggested that this may be due to enhanced periportal uptake of intestinally 

absorbed fat. 

 

Chapter 7 discusses recent advances in intestinal fat and cholesterol absorption. An 

important recent development is that TICE, which previously was only investigated in 

mice, has now been shown to be present in humans as well. Moreover, this pathway 

may be stimulated pharmacologically and thus provides a promising strategy to 

decrease cardiovascular risk. 

 

In Chapter 8, I discuss how the insights gained in this thesis fit in with the overall ideas 

concerning what metabolic syndrome is and how to best prevent or treat it. 
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