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Abstract 

Regulation of cholesterol homeostasis has been studied extensively during the last 

decades. Many of the metabolic pathways involved have been discovered. Yet 

important gaps in our knowledge remain. For example, knowledge on intracellular 

cholesterol traffic and its relation to regulation of cholesterol synthesis and plasma 

cholesterol levels is incomplete. One way of addressing the remaining questions is by 

making use of computational models. Here, we critically evaluate existing 

computational models of cholesterol metabolism making use of ordinary differential 

equations and addressed whether they used assumptions and make predictions in line 

with current knowledge on cholesterol homeostasis. Having studied the results 

described by the authors, we have also tested their models. This was done primarily by 

testing the effect of statin treatment in each model. Ten out of eleven models tested 

have made assumptions in line with current knowledge of cholesterol metabolism. 

Three out of the ten remaining models made correct predictions, i.e. predicting a 

decrease in plasma total and LDL cholesterol or increased uptake of LDL upon 

treatment upon the use of statins.  

In conclusion, few models on cholesterol metabolism are able to pass a functional test. 

Apparently most models have not undergone the critical iterative systems biology 

cycle of validation. We expect modeling of cholesterol metabolism to go through many 

more model topologies and iterative cycles and welcome the increased understanding 

of cholesterol metabolism these are likely to bring.  

 

 

1. Introduction 

Since its discovery more than two centuries ago, much has been learned about 

cholesterol and how cholesterol homeostasis is achieved [1]. Control of cholesterol 

levels is important because the steroid is an essential component of cellular membranes 

and defects in cholesterol synthesis are not compatible with life. Although the presence 

of cholesterol is essential for life, excess of the molecule in e.g. the vascular wall can 

induce severe clinical complications. Intense research efforts in the past decades 

yielded detailed insight in many metabolic and signal transduction pathways involved 

in regulation of cellular cholesterol homeostasis [2]. Yet many questions remain. For 

example, how is cholesterol transported from the endoplasmatic reticulum (ER) to 

plasma membrane against a steep concentration gradient [3]? How does intracellular 

cholesterol transport affect the regulation of cholesterol synthesis [4]? What determines 

the dynamic between cellular free cholesterol and cholesteryl ester pools [5]? To 

address such questions, a number of groups have developed a variety of computational 

models covering pathways involved in cholesterol homeostasis. To introduce the 
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different pathways involved, we will first briefly describe the main aspects of 

cholesterol homeostasis. 

 

1.1 A central role for the liver 

The total amount of cholesterol present in an individual is estimated to be about 2.2 % 

of bodyweight. Dietary intake of cholesterol in humans is approximately 5 mg/kg body 

weight/day. Endogenous synthesis in the adult human is estimated to be 10 mg/kg/day 

[6]. Fecal derived sterol excretion (including bile acids) is approximately 15 mg/kg per 

day. In humans the liver accounts for only 10% of total cholesterol synthesis [6]. Thus 

when these data are correct, most cholesterol is synthesized extrahepatically. The liver 

is, however, the main hub for cholesterol homeostasis, (re)distributing the sterol to the 

rest of the body by means of lipoproteins. In addition, liver cholesterol synthesis is 

very responsive to external factors and can be suppressed 100-fold by increased dietary 

cholesterol intake [2,7] which is important in the control of plasma cholesterol levels. 

Finally, the liver provides the main route for excretion of cholesterol from the body, 

secreting cholesterol both as neutral sterol and in the form of bile acids [8]. 

 

1.2 Cholesterol transport in the circulation 

The liver (re)distributes triglycerides and cholesterol to other sites in the body through 

secretion of apoB100-containing very low density lipoproteins (VLDL). VLDL-

assembly and secretion is regulated at the post-transcriptional level and the success of 

VLDL formation and secretion depends on adequate/sufficient apoB lipidation. When 

this fails, degradation of VLDL by the proteasome is triggered via ubiquitination of 

apoB or alternatively by lysosomal breakdown. The lysosomal pathway is known as 

post-ER pre-secretory proteolysis (PERPP) [9], a process that can be stimulated by 

poly-unsaturated fatty acids (through oxidative stress) and insulin-signaling [10,11]. 

The mechanisms that trigger PERPP are however incompletely understood and have 

only just started to become elucidated.  

The liver also secretes apoA-I-containing high density lipoproteins (HDL). Especially 

the smaller lipoproteins of this class acquire cholesterol from peripheral tissues after 

which it is thought to be returned to the liver, a process known as reverse cholesterol 

transport (RCT). Synthesis of apoA-I, the main apolipoprotein of HDL, is 

constitutively expressed in liver and intestine [12]. It has been suggested that apoA-I 

expression is affected by hormones like insulin and thyroid hormone [13]. Recently, it 

has been proposed that a long-non-coding RNA is regulating apoA-I expression [14]. 

The making and secretion of HDL however, is largely determined by the activity of 

ATP-binding cassette (ABC) A1, encoded by a gene that is regulated by many factors 

including the nuclear receptor family of liver X receptors (LXR) [15]. 
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1.3 Liver and intestine in cholesterol excretion and (re-)absorption 

The liver secretes cholesterol into bile in the free form or after conversion as bile salt at 

the canalicular pole of the hepatocyte. This occurs through the concerted action of 

ABCG5/ABCG8 and bile salts. The molecular mechanism of this process remains to 

be elucidated. Bile acid reuptake by the intestine is very efficient with the distal ileum 

absorbing most of the bile salts secreted into the intestinal lumen [16]. In addition to its 

role in the re-absorption of bile-acids, the intestine is important in cholesterol 

homeostasis because of a 15% contribution to body cholesterol synthesis and its role in 

the uptake of dietary cholesterol. In contrast to uptake of bile acids, intestinal uptake of 

free cholesterol is extremely variable, ranging from 20% to 80% of dietary intake 

[17,18]. Recently, it has become clear that the intestine also has an important role in 

cholesterol excretion. In a mouse model with extremely low biliary cholesterol 

excretion by knocking out ABCB4, unchanged fecal cholesterol was observed [19]. 

The fecal cholesterol could not be explained by enhanced intestinal cholesterol 

production, demonstrating that there must be an alternative route for transport of 

cholesterol from the plasma into the intestinal lumen [20]. This process has been called 

trans-intestinal cholesterol excretion. Trans-intestinal cholesterol excretion was first 

observed in rodents and recently has been demonstrated to be present in humans as 

well [20–22]. The mechanism and (basolateral) transporters involved in this process 

remain to be elucidated.  

 

1.4 Cellular cholesterol homeostasis 

The intracellular cholesterol content is thought to be regulated through the concerted 

actions of sterol regulatory element binding protein 2 (SREBP2) and sterol cleavage 

associated protein (SCAP) Decreased cholesterol concentrations in the ER trigger 

SCAP to escort SREBP2 to the trans-Golgi, where SREBP2 is cleaved, after which it 

enters the nucleus to promote transcription of 3-hydroxy-3-methylglutaryl-CoA 

reductase (HMGCR). In contrast when cholesterol concentrations in the ER are 

sufficient, insig1 contains SCAP/SREBP2 within the ER and stimulates ubiquitination 

and subsequent degradation of HMGCR by the proteasome [2]. Although regulation of 

cholesterol synthesis has been elucidated in molecular detail much less is known about 

the pathways of cholesterol transport within the cell after it has been released from the 

lysosomal compartment. Brown and Goldstein elegantly demonstrated the interplay of 

Nieman Pick protein 1 and 2 in lysosomal handling. But how cholesterol translocates 

through the lysosomal membrane and is transported to other cellular organelles is not 

clear. A number of candidates has been proposed including oxysterol binding-related 

proteins and STARD family members. However, conclusive evidence for a role of 

these proteins is still lacking.  
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1.5 Computational modeling 

Taken together, the regulatory role of the intestine on plasma cholesterol levels and the 

mechanism of intracellular cholesterol transport are complex and incompletely 

understood. To further our understanding, of these complex mechanisms use of 

mathematical models may be helpful because they allow evaluation of multiple 

interactions at once without being limited to a small set of processes that can actually 

be measured. In this way a mathematical model can expose complex processes that 

otherwise would go unnoticed [23]. In addition, mathematical modeling can help to 

validate current views on biological behavior: the modeling process forces one to 

translate often implicit ideas into explicit mathematical relations. Together, these 

mathematical relations form a model which can be explored and evaluated for 

agreement with knowledge from experimental data [24]. Ideally, this triggers a cycle 

wherein modeling leads to a reinterpretation of how experimental data fit together and 

vice versa, where new experimental data lead to a revision of the model reflecting the 

increased understanding in the underlying biological processes.   

 

1.6 Scope of the review 

This study considers models making use of ordinary differential equations [25]. Tracer 

kinetics models are discussed elsewhere [26,27]. More physically oriented models such 

as mass-transfer studies of lipoproteins across the vascular wall or molecular dynamics 

of phospholipid bilayers will not be discussed here either [28]. In addition to critically 

examining mathematical models on cholesterol metabolism, we have performed a 

functional test on each model assessed. The aim of this functional test was to check the 

biological validity of the model. That is, if the model claims to represent (part of) 

cholesterol metabolism, it should contain system properties that are in agreement with 

experimental findings. As such, a perturbation in the model should lead to behavior in 

agreement with the corresponding in vivo perturbation. Though the same or a similar 

test was applied whenever possible, our test may be outside the scope the authors of the 

model had originally envisioned, putting these models at a disadvantage in passing this 

test. On the other hand, there is increasing interest in modular modeling, where models 

can be reused within the hierarchy of a larger model [29,30]. This would require that 

models have a more general applicability, thus also beyond their original scope. Taking 

these points into account, this functional test should be regarded as an additional means 

to learn something from a model and its limitations, and not to determine whether the 

model was 'right' or 'wrong' for its intended purpose. 

 

2. Strategy 

We have searched the literature for computational models on cholesterol metabolism 

on PubMed using the key words: 'computational', 'mathematical', 'kinetic', 'VLDL', 
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'LDL', 'HDL', chylomicron' and 'cholesterol'. Additional models were found through 

consulting reference lists. Models found were selected when describing (part of) 

cholesterol metabolism and ordinary differential equations and parameters were 

provided. Models selected were recreated in Matlab (2012b) based on the information 

provided in the article. To check whether this recreation was successful, a 

representative figure in the article was selected and reproduced. For one model, a 

Matlab script was already made available as supplemental file, and this script was used 

for simulations [31]. 

During the reproduction process, some errors and omissions were identified in the 

description of differential equations and parameter values. Most of these errors could 

be resolved by personal communication. A list of these errors can be found in the 

supplemental file.  

All models selected were evaluated for their usage of (current) knowledge on 

cholesterol metabolism. Models were subdivided in the categories 'endocytosis of 

lipoproteins', 'plasma lipoprotein dynamics' and 'whole body models on cholesterol 

metabolism'.  

Models were tested for the effect of inhibition of HMGCR by statin treatment. In the 

models assessing 'endocytosis of lipoproteins' this meant simulating a 75% decrease in 

cholesterol production. We considered the model to have passed the functional test 

when the model responds with an increase in the uptake of LDL in the presence of 

LDL, or a lowering of intracellular cholesterol in the absence of LDL [32]. For the 

model of Chun et al. cholesterol synthesis was not included [33]. For this particular 

model, we tested whether there is increased uptake of LDL when either increasing 

production of LDL-receptors or increasing recycling of LDL-receptors, since in vitro 

studies have shown that both LDL-receptor expression and protein increase upon 

treatment with statins [34]. 

The models included in 'plasma lipoprotein dynamics' did not include cholesterol 

synthesis either. The model of Knoblauch et al. [35] was tested by simulating a 

homozygous and heterozygous knockout of CETP. In controls, heterozygous and 

homozygous CETP-mutations an HDL2/HDL3-ratio of 1.2 (0.4), 3.3 (1.0) and 7.7 

(1.2) was found respectively. We considered the model passed if this caused an 

increase in the HDL-2/HDL-3 ratio in the ranges [1.3 - 5.3] and [5.3 - 10.1] for the 

heterozygous and homozygous case respectively[36]. The model of Lu et al. [31] does 

not make a distinction between HDL2 and HDL3 and therefore could not be evaluated 

in the same way. Instead we evaluated the apoA-I concentration upon simulating a 

homozygous and heterozygous knockout of CETP. In controls, heterozygous and 

homozygous mutations an apoA-I-concentration of 140.9 (16.1) mg/dl, 155.3 (22.1) 

mg/dl and 233.5 (22.3) mg/dl has been found respectively [36], standard deviation is 

given within parentheses. We considered the model passed if this led to no or a 
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negligible increase in apoA-I for the heterozygous case and an increase in apoA-I in 

the range of [33 - 97]% for the homozygous case or equivalently to an apoA-I 

concentration in the range of [189 - 278] mg/dl [36].  

For models assessing 'whole body cholesterol metabolism', we simulated for the effects 

of statins by decreasing cholesterol synthesis. Simvastatin has been shown to reduce 

plasma LDL cholesterol levels with 30 to 40% within 6 weeks and when treatment is 

continued this reduction is maintained for at least a year [37,38]. Furthermore, HDL-

cholesterol is increased by 8 to 12% upon simvastatin treatment [37,39]. Upon high 

baseline HDL-cholesterol levels however (> 50mg/dl), HDL-cholesterol has not been 

shown to increase further upon statin treatment [40]. Simvastatin is considered to be 

selective for the liver due to a high first-pass effect (80% retention in the liver) and a 

high affinity for albumin (95% bound), resulting in a systemic bioavailability of 5% 

[37,41]. Plasma concentrations of simvastatin are in the order of 4 ng/ml (0.01 μM) 

when administered orally at a dose of 40 mg [42,43]. In HepG2 cells, this 

concentration causes a decrease in cholesterol synthesis of 25% [32]. However, since 

the liver tissue concentration of simvastatin in a mammalian model was reported to be 

44 times higher than plasma concentrations, we consider a 40-fold higher concentration 

(0.4 μM) to be more representative of the situation in the liver which is predicted to 

decrease hepatic cholesterol synthesis by 75% [32,44]. For our functional test we have 

therefore used a 75% reduction in hepatic cholesterol synthesis to simulate the effect of 

(simva)statin in models of human cholesterol metabolism. We consider the model to 

have passed the functional test when LDL-cholesterol is lowered between 20% and 

50% within 6 weeks, there is an increase in HDL-cholesterol between 5 and 15% 

within 6 weeks and these changes are maintained for at least a year. We did not 

consider HDL-cholesterol changes if the model simulations showed high baseline 

HDL-cholesterol (>50 mg/dl). 

For mouse models of cholesterol metabolism it becomes more complicated, since 

treatment of mice with statins has not been reported to induce a decrease in LDL or 

total cholesterol levels, due to a feedback loop causing increased expression of 

HMGCR [45]. Another reason why mice fail to show reduced LDL cholesterol levels 

upon statin treatment is because mice carry most of their cholesterol in HDL. LDL 

cholesterol in mice is low because of the rapid clearance of VLDL from the circulation 

due to efficient lipolysis and uptake of remnants. Mice with the apoE3-Leiden 

mutation however show a deficiency in lipolysis and uptake of remnants [46]. 

Therefore LDL-cholesterol in this mouse strain is relatively high and in contrast to 

most other strains, do show a decrease in LDL and total cholesterol upon treatment 

with statins [47]. It must however be noted that in contrast to humans, HDL-cholesterol 

also decreases in apoE3-Leiden mice treated with statins. In this mouse model a 

lowering in total cholesterol up to 20% has been achieved upon treatment with 
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lovastatin (0.1% w/w added to the diet) within two weeks, which is maintained for at 

least one week during continued treatment [47]. Lovastatin is very similar to 

simvastatin both in molecular structure (differing by one methyl-group) and effect 

(both are administered as prodrugs and mainly assert their effect in the liver) [48]. We 

therefore extend our estimate for inhibition of hepatic cholesterol synthesis by 

simvastatin (75%) to that of lovastatin. We considered the mouse model to have passed 

the functional test when this led to a decrease between 10 and 40% of total cholesterol 

due to a decrease in LDL-cholesterol and HDL-cholesterol within 3 weeks.  

 

3. Models on endocytosis and excretion of lipoproteins 

Wattis et al. constructed a model of LDL-endocytosis by hepatocytes (Fig. 1) [49]. The 

model makes use of mass-action kinetics and assumes that the rate of binding (and 

internalization) of LDL is dependent on the number of coated pits with unbound LDL-

receptors on the surface and the extracellular LDL-concentration. Upon internalization, 

a fraction of the receptors is recycled, contributing to new pits without bound LDL. 

LDL is broken down to release intracellular free cholesterol with a rate linearly 

dependent on the number of internalized particles. Synthesis and efflux of cholesterol 

(both are regulated by one term) are linearly dependent on the intracellular cholesterol 

concentration, i.e. dC/dt = LDLC_degr + lambda * (set_point - C), where C is the 

intracellular cholesterol concentration, LDLC_degr represents the cholesterol produced 

by degradation of internalized LDL, lambda is the synthesis/efflux - rate and set_point 

is the intracellular cholesterol concentration set point. It must be noted that the efflux 

rate of cholesterol in the model is not linked to a specific biological function (i.e. 

VLDL-production, or free cholesterol excretion to the canaliculi). The rate of 

production of LDL-receptors was modeled to be inhibited by the intracellular 

cholesterol concentration [49]. This model served as the basis for later work in the 

same group: Tindall et al. [50] expanded on the model of Wattis et al. [49] by allowing 

the binding of different sizes of lipoprotein particles (LDL, VLDL2 and VLDL3) to 

bind to pits with LDL-receptor [49,50]. The model explores the implications of a larger 

particle occluding a greater number of free receptors upon binding than a smaller 

particle, thereby lowering the effective number of free surface receptors. Furthermore, 

the model accounts for a proportion of unbound (other than those occluded) receptors 

being internalized upon endocytosis. Pearson et al. [51] also studied competition 

between lipoproteins for binding to the LDL-receptor, but in contrast to Tindall et al. 

[50] who assumed a continuous distribution of receptors over the plasma membrane, 

explicitly modeled the number of free and occupied pits [50,51]. Finally, Bhattacharya 

et al. (2014) expanded on the model of Wattis et al. (2008) by including a detailed 

model of regulation of intracellular cholesterol synthesis [52]. 
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Figure 1 

Model topology of models based on the work of Wattis et al. [49]. Both bound and non-bound receptors 

can be internalized.. A fraction of receptors is then recycled and can travel back to the plasma membrane. 

Newly produced receptors first enter the recycling compartment before moving on to the plasma 

membrane. Internalized receptor-LDL-complexes are degraded to intracellular cholesterol. Production of 

new receptors is inhibited by intracellular cholesterol levels. When intracellular cholesterol levels are 

above the set point, intracellular cholesterol exits the system. Conversely, when intracellular cholesterol 

levels are below the set point, intracellular cholesterol is produced. 'Li' represents internalized receptor-

LDL complexes, 'f' is the fraction of recycled receptor, 'R' is the recycling compartment and 'C' is 

intracellular cholesterol. 

 

In the models based on that of Wattis et al. [49–51] an important assumption made is 

that the cholesterol concentration is controlled around a set point and that the rate of 

either synthesis or efflux of cholesterol is assumed to be linearly dependent on the 

offset from this set point. Given a sufficiently large synthesis/efflux-rate (lambda) this 

results in the production rate of free receptor being determined by the fixed cholesterol 

set point. This occurs because the LDL-receptor production is modeled to be dependent 

on the intracellular cholesterol concentration. If a cell were to actually control uptake 

this way, both uptake and efflux of cholesterol is increased upon higher extracellular 

LDL-concentrations while receptor surface concentrations remain relatively stable. 

This is in agreement with the finding of the authors that the intracellular cholesterol 

concentration was only affected by the rate of synthesis and efflux of cholesterol, and 

not the rate of breakdown of internalized LDL-cholesterol [50].  
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In a sensitivity analysis Tindall et al. found that increasing the recycling fraction 

increases the number of receptors on the surface and uptake of LDL [50]. Similarly, 

increasing the rate of de novo receptor production resulted in an increase of free and 

bound receptor and accordingly, LDL-uptake [50]. Hepatocytes show a predilection for 

endocytosis of the bigger VLDL2 and VLDL3 particles compared to LDL in the 

model, which was expected considering that the binding rate of particles was modeled 

to be dependent on particle size [50]. Furthermore, Pearson et al. showed that at high 

delivery rates of lipoproteins the system adopts a pseudo-steady state in which 

cholesterol uptake is maximized and extracellular concentrations of lipoprotein rise 

nonetheless. The authors comment that in vivo mechanisms that are not modeled will 

likely take over and prevent this from happening [51]. 

In agreement with the authors' own findings, simulating a synthesis/efflux-rate of 

cholesterol that is a fourth of the normal rate, to simulate the effect of statin treatment, 

results in a transiently lower intracellular cholesterol concentration that quickly reaches 

a steady state similar to the control (Fig. 2A, Fig. 3A). Furthermore, the uptake of LDL 

is transiently increased in both the receptor pit models (Fig. 2B) as well as in the 

continuum receptor model (Fig. 3B). However in both receptor pit models and 

continuum receptor model LDL uptake quickly reaches a steady state similar to the 

control. We conclude that these models are unable to describe the effect of increased 

LDL-uptake upon treatment with statins. Furthermore, we note that due to the feedback 

term of intracellular cholesterol on the synthesis/efflux-rate of cholesterol, LDL-

receptor production is dependent on the set point of intracellular cholesterol levels and 

not on actual intracellular cholesterol levels.  

 

 

 

Figure 2 

Here we simulate the effect of statins in the receptor pit model of Wattis et al. [49] by decreasing the 

synthesis/efflux-rate of cholesterol in the model by 75%. A) Uptake rate of LDL upon treatment with 

statins. B) Intracellular cholesterol concentration upon treatment with statins. Note that uptake of LDL is 



31 
 

increased and intracellular cholesterol is decreased upon statin treatment but only transiently. At steady 

state, intracellular cholesterol concentrations are dependent on the cholesterol set point, which is the same 

for both conditions. Since intracellular cholesterol concentrations determine receptor production, LDL-

uptake will be the same for both control and statin treatment as well at steady state. 

 

 

 

 

 

 

 

Figure 3 

Here we simulate the effect of statins in the continuum receptor model of Tindall et al. [50] by decreasing 

the synthesis/efflux - rate of cholesterol by 75%. A) Uptake rate of LDL upon treatment with statins. B) 

Intracellular cholesterol upon treatment with statins. Note that similar to the receptor pit model, there is a 

transient increase in the uptake rate of LDL and a transient decrease in the intracellular cholesterol 

concentration. 

 

Bhattacharya et al. [52] further expanded on the model of Wattis et al. [49] by adding a 

more detailed description of feedback control of intracellular cholesterol, including 

HMG-CoA reductase (HMGCR) and LDL-receptor (LDLR) transcription, translation 

and degradation of HMGCR and LDLR mRNA and degradation of HMGCR and 

LDLR(Fig. 4) [52].  
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Figure 4 

Model topology of the cholesterol homeostasis system as proposed by Bhattacharya et al. [52]. It 

incorporates transcription and translation and makes use of intracellular cholesterol as an inhibitor of 

transcription of both HMGCR and LDLR mRNA. Degradation of mRNA, protein and cholesterol are 

dependent on their relative concentrations. 

 

 

Bhattacharya et al. [53] found that integrating the feedback control system with the 

model of Wattis et al. [49] resulted in an increase of internalized LDL upon simulating 

a complete stop in cholesterol synthesis, suggesting that LDL-uptake is then increased 

[52,53].  

Indeed, simulating the effect of statin treatment in the model of Wattis et al. [49] with 

the feedback control system of Bhattacharya et al. [52] by reducing the activity of 

HMGCR by 75% leads to the expected increase in uptake of LDL (Fig. 5A). 

Furthermore, simulating the model in the absence of LDL results in a decrease in 

intracellular cholesterol (Fig. 5B). We thus conclude that the model passes our 

functional test. We also observe that similar to another proposed model of cholesterol 

feedback control [54], this system shows oscillatory behavior [52].  
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Figure 5 

Increase in LDL-uptake rate in the presence of LDL (A) and decrease in intracellular cholesterol in the 

absence of LDL (B) upon treatment with statins. Note the damped oscillation produced by the feedback 

control system. For simplicity, the extracellular LDL-concentration was assumed constant for these 

simulations. 

 

August et al. (2007) developed a model of lipoprotein metabolism where cholesterol is 

produced by the liver in the form of VLDL and distributed to the periphery through 

endocytosis of IDL and LDL or through non-specific endocytotic uptake of LDL (Fig. 

6). Endocytosis results in recycling of LDL-receptor and release of free cholesterol to 

the cell. In turn, the intracellular free cholesterol asserts negative feedback control on 

the synthesis of LDL-receptors. Finally, cellular efflux of cholesterol was modeled to 

be proportional to the intracellular cholesterol concentration [55].  

Key assumptions determining the models behavior are the efflux of cholesterol being 

proportional to the intracellular cholesterol concentration and the inhibition of surface 

receptor production by the intracellular cholesterol concentration. In addition, it was 

assumed that the amount of cholesterol absorbed from IDL and LDL is proportional to 

their relative cholesterol densities. While the proportion of cholesterol in the particles 

is different, the total amount of cholesterol is however roughly equal. Making use of 

the density and mass percentage provided by August et al. [55] (Table 1, p1234) we 

arrive at a cholesterol content range of [2.2e-18 g : 6.6e-18 g] and [1.7e-18 g : 4.3e-18 

g] for IDL and LDL respectively. Assuming lower cholesterol content in IDL 

compared to LDL results in an artefact where an amount of cholesterol is added in the 

conversion from IDL to LDL. Unfortunately, this artefact renders the model 

biologically invalid.  

The main finding in the model is that the intracellular cholesterol concentration shows 

bistability. Bistability means that a state is not only dependent on the present 
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conditions but also on the conditions in the immediate past. In the context of the 

model, the intracellular cholesterol concentration is predicted to be different when 

slowly increasing VLDL-production from a baseline low VLDL-production compared 

to slowly decreasing VLDL-production from a baseline high VLDL-production (Fig. 

7a).  

 

Figure 6 

Model topology for the model of August et al. [55]. Cholesterol enters the system as VLDL. VLDL is then 

converted to IDL and LDL. IDL and LDL can enter the hepatocyte through an endocytotic pathway 

whereas LDL can enter through both an endocytotic and non-specific endocytotic pathway. Breakdown of 

internalized IDL and LDL increases the intracellular cholesterol concentration, in turn inhibiting 

production of new LDLRs (dashed lines). A fraction of internalized receptors are recycled to the plasma 

membrane. 

 

Bistability in the model arises because LDL is able to follow both endocytotic and non-

specific endocytotic routes, whereas IDL is limited to the endocytotic route. At very 
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high VLDL-production rates, intracellular cholesterol levels are high and thus LDL-

receptor production is fully repressed, allowing only for the non-specific endocytotic 

route to be active. In contrast, at low VLDL-production rates, intracellular cholesterol 

levels are low and LDL-receptor production is active, allowing for both endocytotic 

and non-specific endocytotic routes. If we would gradually increase VLDL-production 

and uptake, intracellular cholesterol levels will only gradually rise because the active 

endocytotic route results in less cholesterol entering the cell than the non-specific 

endocytotic route. Only when the endocytotic route can no longer be sustained will the 

intracellular cholesterol level sharply increase. Conversely, when gradually decreasing 

VLDL-production from a point where only the non-specific endocytotic route is active 

this will not result in a sharp decrease in intracellular cholesterol, because the amount 

of cholesterol entering through the non-specific endocytotic route is simply higher 

because it has to enter as (high-cholesterol) LDL which subsequently delays the 

activation of the endocytotic route. This phenomenon was however introduced by 

modeling that IDL contains less cholesterol than LDL. Correcting this by using equal 

cholesterol content for IDL and LDL results in a linear increase of intracellular 

cholesterol concentration with increasing influx of VLDL and the loss of bistability 

(Fig. 7b).  

 

 

Figure 7 

Intracellular cholesterol levels when slowly increasing VLDL-production and then slowly decreasing 

VLDL-production for the case where IDL contains less cholesterol than LDL leading to hysteresis (A) and 

the case where IDL and LDL cholesterol content is equal (B). 

 

Yuan et al. (1991) created a mathematical model of endocytosis (Fig. 8) reflecting the 

reaction of fibroblasts on cholesterol starvation in lipoprotein-deficient medium and 

subsequent re-exposure to LDL as performed by Brown & Goldstein [56,57]. The 
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model includes cholesterol synthesis, cholesterol efflux, uptake of cholesterol from 

LDL and esterification and hydrolysis of intracellular free cholesterol and cholesteryl 

esters respectively. Both uptake and synthesis were modeled to be dependent on the 

LDL-receptor concentration. The LDL-receptor concentration in turn, being dependent 

on the extracellular LDL-concentration. The rate of cholesterol esterification in the 

model is dependent on the uptake rate of LDL whereas hydrolysis of cholesterol is 

dependent on the cholesteryl ester concentration, effectively turning cholesteryl ester 

into a free cholesterol buffer.  

An important assumption in the model is that the number of receptors in steady state 

can be fully deduced from the extracellular LDL-concentration. This is a reasonable 

assumption, since the uptake of extracellular LDL must not exceed intracellular 

cholesterol requirements the cell will adjust its number of LDL receptors accordingly. 

Furthermore, the model structure leads to the implicit assumption that the 

concentration of cholesteryl esters does not affect the steady state concentration of 

intracellular cholesterol. This is in agreement with the common view that cholesteryl 

esters are a buffer for free cholesterol and thus mainly serve to keep the intracellular 

free cholesterol concentration constant [58].  

Main findings of the authors are that in their model the rate of intracellular degradation 

of LDL in (smooth muscle cells and fibroblasts) will first increase and then become 

saturated upon gradually increasing LDL-concentration in the extracellular medium. 

Because saturation of uptake will increase the extracellular LDL-concentration in vivo, 

the authors propose that this may explain the build-up of cholesterol in foam cells in 

atherosclerotic disease.  

Upon decreasing the rate of cholesterol synthesis by 75% in the presence of LDL, we 

observe no changes in uptake of LDL (Fig. 9). Similarly, the dynamics in cholesteryl 

ester concentrations remain unaltered. Interestingly, the model predicts a steady state 

concentration of cholesteryl ester of approximately 1 µg cholesterol /mg cell protein, 

even though LDL is abundant. In vitro studies suggest that even in lipoprotein deficient 

medium the steady state cholesteryl ester content of fibroblasts is approximately 5 µg 

cholesterol /mg cell protein [59]. Yuan et al. note that this discrepancy may be 

explained by changes in the rate of LDL-degradation upon the cells reaching a 

different degree of confluency and that therefore parameter values for this rate should 

be adjusted accordingly. Indeed, increasing the rate of LDL-degradation from 0.2 to 

0.8 leads to a better fit for the cholesteryl ester concentration. However, this also leads 

to a steady state free cholesterol concentration of 470 µg cholesterol /mg cell protein 

(not shown), whereas in similar experiments measured free cholesterol concentrations 

are typically between 30 and 50 µg cholesterol /mg cell protein [59]. Finally, we do 

observe a decrease in intracellular cholesterol upon reducing cholesterol synthesis by 

75% in the absence of LDL (not shown). 
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In conclusion, simulating treatment with statins has no effect on LDL-uptake in the 

model. Therefore the model does not pass our functional test. The lack of effect of 

reducing cholesterol synthesis on LDL uptake is readily explained by the fact that 

LDL-receptor production in the model is dependent of external LDL-concentrations. 

We also note that the cholesteryl ester concentrations in the model only depends on the 

extracellular supply of cholesterol and is low compared to the amount of free 

cholesterol. As such, the cholesteryl ester in the model is only able to buffer sudden 

cholesterol excess, not cholesterol depletion. 

 

 

Figure 8 

Model topology of Yuan et al. [56]. LDL cholesterol enters through an endocytotic pathway and can then 

be converted to cholesteryl ester. Cholesterol homeostasis in the model is further achieved by allowing 

both de novo production as well as efflux of cholesterol. The rate of receptor production is dependent on 

the extracellular cholesterol concentration.  
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Figure 9 

LDL-uptake rate, free cholesterol and cholesteryl ester concentration according to the model of Yuan et al. 

[56] at an LDL-concentration of 50 µg LDL protein/ml for a cholesterol synthesis rate of 1.13e-3 (control) 

and 0.33e-3 (statin) µg cholesterol/ ng LDL protein / day respectively. Note how decreasing the 

cholesterol synthesis rate has no effect on the predicted LDL-uptake, free cholesterol or cholesteryl ester 

concentrations.  

 

Chun et al. describe the in vitro endocytosis of LDL in HepG2 cells (Fig. 10) [33]. 

Binding of LDL to LDL-receptor, internalization of bound LDL and degradation of 

internalized LDL were modeled as first order processes. The rate of receptor produced 

was kept constant and internalized receptors were allowed to recycle to the surface 

[33]. Parameter values were obtained from Brown and Goldstein's studies on LDL-

receptor involvement in LDL uptake [60].  

Key assumptions are the constant rate of receptor production, reversible internalization 

of free receptor against irreversible internalization of bound LDL and irreversible 

'conversion' of internalized LDL to internalized free receptor. A peculiarity of the 

model is that both internalized LDL and internalized free receptor are degraded to a 

common pool of cholesterol and amino acids denoted as 'D', hereafter denoted as 

'cholesterol'. 
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Interestingly, a steady increase in 'cholesterol' without any effect on the surface 

receptor concentration was found, whereas the authors expect this to be down-

regulated. There is however no feedback loop in the differential equations from 

'cholesterol' to either the pool of recycle-able receptors or to the rate of de novo 

production of receptors, hence no feedback can be expected [33]. 

 

 

Figure 10 

Model topology of Chun et al. [33]. Both bound and unbound receptors can be internalized. Internalized 

LDL is either recycled or degraded. Recycling results in the conversion of internalized LDL to internalized 

free receptors. Degradation of internalized LDL leads to production of ‘D’ which is a mixture of amino 

acids and cholesterol. D has no effect on the rate of receptor production.  

 

Since the model does not include a term for intracellular cholesterol production, we 

could not simulate the effect of statins by decreasing the rate of intracellular 

cholesterol production. Instead, we tested whether any perturbation resulting in 

increased LDL-receptor concentration also leads to increased uptake of LDL. 

Increasing the receptor production tenfold however, did not lead to great changes in 

uptake of LDL (Fig. 11A). Decreasing the degradation rate of internalized receptor 

tenfold leads to negligible differences in uptake (not shown). The effect of increasing 

the recycling rate of receptor tenfold leads to greater differences in LDL-uptake (Fig. 

11B). However, instead of leading to increased uptake of LDL and intracellular 

cholesterol concentrations, uptake of LDL and ‘cholesterol’ concentrations actually 
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decrease. This counterintuitive result can be explained by the 'recycling' term in the 

model converting LDL-receptor complex directly into 'free' internalized receptor, 

without accounting for the LDL-particle. In this way, increasing the recycling rate, 

leads to a loss of 'cholesterol'. We conclude that the model is unable to describe the 

effect of statins.  

 

 

Figure 11 

Effect of increasing receptor production tenfold (A), and increasing recycling rate tenfold (B) respectively, 

on free surface receptor and 'cholesterol' consisting of both cholesterol and amino acids from degraded 

receptor and apolipoproteins.  

 

 

4. Models on lipoprotein dynamics 

Knoblauch et al. (2000) created a model of lipoprotein metabolism to facilitate the 

study of multiple gene defects in lipoprotein disorders (Fig. 12). The model includes 

the lipoproteins VLDL, IDL, LDL, HDL2, HDL3, nascent HDL, chylomicrons and 

chylomicron-remnants and enzyme activities of lipoprotein lipase, hepatic lipase, 

LCAT, CETP. Clearance of lipoproteins occurs through LRP, LDLR, SRB1 and 

scavenger pathways functioning as ‘overflows’ [35]. 

The key assumption made in constructing the model was that VLDL-production in the 

liver and IDL, LDL, and chylomicron-remnant uptake by LDL-receptor are inhibited 

by LRP-dependent chylomicron-remnant metabolism. While in the postprandial 

situation there is increased hepatic uptake of chylomicron-remnants and inhibition of 

VLDL-production, the latter is generally attributed to the action of insulin and free 

fatty acids (FFA) and not uptake of chylomicron-remnants as such [61]. This 

assumption may therefore not be valid. Perhaps the authors aimed to treat 

chylomicron-remnant uptake as a proxy for insulin action, though this was not stated 

explicitly. In contrast, feedback on LDL-receptor production by uptake of cholesterol 

has been described and thus appears reasonable [57].  
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The authors aimed to create a model where multiple gene defects in humans could be 

evaluated at once, allowing for better phenotype prediction in a mostly heterogeneous 

disorder. The model was tested against LDL-receptor deficiency and LPL-dysfunction, 

showing good agreement with experimental findings [35].  

For the functional test we evaluated the effect of simulating for a heterozygous and 

homozygous mutation in CETP. A heterozygous and homozygous mutation in CETP 

has been shown to lead to functional activity of CETP of 65% and 0% of normal 

activity respectively [36]. This loss of CETP-activity should increase the 

HDL2/HDL3-ratio [36]. Indeed, upon simulating for different degrees of CETP-loss 

we observe an increase in HDL2 and a decrease in HDL3 (Fig. 13). At 65% and 0% 

activity we arrive at an HDL2/HDL3-ratio of 1.6 and 3.8 respectively. This falls within 

the limit we specified in our functional test for the heterozygous case [1.3 - 5.3] but not 

for the homozygous case [5.3 - 10.1]. Apparently, this model underestimates the effect 

of CETP-loss on the HDL2/HDL3-ratio. We therefore conclude that the model does 

not pass the functional test. It must be noted that the study on which we based the 

functional test [36] found larger HDL sizes than two other studies investigating the 

relationship between CETP-deficiency and HDL for both controls and CETP-deficient 

subjects [62,63]. Unfortunately, in these two other studies CETP activity was not 

measured, making it unfit for use in our functional test. 
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Figure 12 

Model topology of Knoblauch et al. [35]. Cholesterol is produced as nascent HDL (DISCS), VLDL and 

chylomicrons. Cholesterol exits the system through LDLR, SRB1 and LRP. In addition, lipoproteins are 

allowed to leave the system through a scavenger receptor overflow, marked by dashed arrows in the 

figure. LPL activity promotes conversion of chylomicrons to chylomicron-remnants and of VLDL to IDL, 

whereas the conversion of IDL to LDL is only promoted by hepatic lipase. LCAT promotes the maturation 

of HDL-particles. CETP allows for the exchange of cholesteryl ester and triglycerides between HDL and 

triglyceride rich lipoproteins.  
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Figure 13 

Lipoprotein concentrations at various levels of CETP function as predicted by the model of Knoblauch et 

al. [35]. Lipoprotein concentrations are normalized to their value at normal CETP function. 

 

Lu et al. (2014) created a model of lipoprotein dynamics focusing on reverse 

cholesterol transport and HDL-remodeling (Fig. 14). The model divides the HDL-pool 

in lipid-poor apoA-I and α-HDL, the latter enriched in cholesteryl ester and additional 

apoA-I. Furthermore, the model includes cholesteryl ester transport between the LDL, 

VLDL and α-HDL pool and allows for both holo-particle uptake of HDL and selective 

cholesteryl ester uptake via SR-B1.  

Key assumption in the model is that HDL metabolism is best described at the whole 

body level and not by making a distinction between liver and periphery. Within the 

model, RCT is defined as ABCA1-mediated cholesterol flow from tissue to lipid-poor 

apoA-I. This definition of RCT makes it difficult to make a translation to the most used 

definition of RCT, which is cholesterol flow from periphery back to liver. The model 

predicts that inhibition of CETP results in higher HDL-concentrations but not in higher 

reverse-cholesterol transport. In contrast, the model predicts that upon stimulating 

ABCA1 expression both HDL-concentrations and reverse-cholesterol transport 

increases. Therefore, the authors suggest that CETP-inhibitors are not a feasible option 

for therapy and instead the focus should be on developing drugs that promote ABCA1-

synthesis [31].  

For the functional test we evaluated heterozygous and homozygous mutation in CETP, 

which should increase apoA-I concentrations only in the homozygous case. Indeed, we 

find that when we decrease the CETP-activity to 65% of normal activity there is a 
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negligible increase in apoA-I concentration and conversely, upon decreasing CETP-

activity to 0% of normal activity apoA-I concentration rises to 228 mg/dl, which lies 

perfectly within the range [189 - 278] mg/dl we specified for our functional test. We 

thus conclude that the model adequately describes the effect of heterozygous and 

homozygous mutation in CETP on plasma lipoprotein levels and passes our functional 

test. 

 

Figure 14 

Model topology of Lu et al. [31]. Early lipidation of essentially (intracellular) lipid free apoA-I is 

regulated by ABCA1 at the cell membrane. In the circulation, this HDL can mature into alpha-HDL 

through the action of LCAT in the circulation. This process is defined as reverse cholesterol transport in 

the model. There is constant VLDL production in the model. Both VLDL and LDL can be taken up by the 

periphery. Cholesteryl ester can flow from alpha-HDL to VLDL and LDL through CETP action, in the 

process converting mature HDL back to lipid-poor apoA-I. CETP-activity is also modeled to allow the 

flow of cholesteryl ester from LDL to mature HDL. ApoA-I and cholesteryl ester in mature HDL leaves 

the system through SRB1 and holo-uptake at the liver. Lipid poor apoA-I leaves through clearance by the 

kidneys.  
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Figure 15 

ApoA-I concentrations in heterozygous and homozygous mutations in CETP as predicted by the model of 

Lu et al. [31]. Note how apoA-I concentrations hardly increase for the heterozygous case but do increase 

significantly in the homozygous case, as observed experimentally[36]. 

 

 

5. Whole body models of cholesterol metabolism 

Aiming to predict changes in lipoprotein-cholesterol levels during ageing in humans 

and the effect of dietary or pharmacological interventions, McAuley et al. [64] 

constructed a whole body mathematical model of cholesterol metabolism (Fig. 16) 

[64]. The model encompasses the intestine, liver, peripheral tissue and plasma as 

compartments, considers dietary intake of cholesterol and excretion through bile salts 

and includes metabolism of the lipoproteins VLDL, IDL, LDL and HDL. Values for 

dietary cholesterol intake of 304 mg/day and cholesterol synthesis of 10 mg/kg were 

obtained from Henderson et al. [65] and Dietschy et al. [66] respectively.  

The model assumes a sigmoidal response curve for cholesterol synthesis on 

intracellular free cholesterol concentrations. A sigmoidal response curve has the 

property to be sensitive over a relatively small range of inputs [67]. In this regard using 

a sigmoidal response curve to describe the feedback on cholesterol synthesis that has to 

be sensitive for a narrow range of free cholesterol levels makes sense. The model 

further assumes enzyme activities to be constant over a time span of years, which 
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seems implausible. Nonetheless, the model could be used as template to explore effects 

of changes in enzyme activities if such is hypothesized.  

Main findings by the authors were that both increased cholesterol absorption and 

increased dietary intake are predicted to result in higher LDL-cholesterol 

concentrations. Though the view of increased dietary cholesterol leading to higher 

LDL-cholesterol has persisted for some time, current consensus is that dietary 

cholesterol intake has negligible effects on LDL-cholesterol concentrations [68]. This 

discrepancy between the model predictions and experimental findings may be 

explained by the fact that cholesterol absorption is considered constant in the model, 

whereas this has been shown to adapt to changes in dietary intake of cholesterol in 

experimental studies. Another finding of the authors was that simulating decreased 

production of LDL-receptors with age by decreasing the number of LDL-receptors in 

the liver resulted in higher LDL-cholesterol in the model. Indeed, at least in male rats, 

it has been observed that localization of LDL-receptor to the plasma membrane in the 

liver is reduced with ageing, leading to higher LDL cholesterol levels [69]. The model 

was not able to reproduce the biphasic curve of LDL concentrations as observed in 

men during ageing in the Framingham study [70]. The authors do not comment on why 

this biphasic curve could not be reproduced.  

In reproducing the computational model of McAuley et al. [64] some inconsistencies 

were encountered between the description in the article and the supplemental file in 

parameter values given as well as use of differential equations. Whenever this occurred 

parameter values and equations presented in the supplemental file were assumed to be 

correct. For our functional test we simulated treatment with simvastatin by decreasing 

hepatic synthesis of cholesterol by 75%. We observed that for normal cholesterol 

synthesis, the model was not in steady state. Therefore we simulated with normal 

cholesterol synthesis for a period of 12 months before applying our functional test(Fig. 

17). Reducing hepatic cholesterol synthesis by 75% leads to a reduction in LDL-

cholesterol of 14% and 33% in six weeks and one year respectively. These numbers 

fall within the range we specified for our functional test. Furthermore, this perturbation 

leads to an increase in HDL-cholesterol of -2% whereas we specified a range of 5-15% 

for our functional test. Baseline HDL-cholesterol  in the model simulation was 

however higher than 50 mg/dl, whereupon further increase in HDL-cholesterol can no 

longer observed[40]. Finally, we note that the model overestimates the time necessary 

to achieve a new (lower) steady state in LDL cholesterol. Therefore,   the model does 

not pass the functional test. 
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Figure 16 

Model topology of McAuley et al. [64]. Cholesterol is produced in the liver and periphery and also enters 

the system through dietary intake. Cholesterol leaves the system as bile acids or cholesterol in the feces. 

Both liver and periphery contain pools of free cholesterol and cholesteryl ester, where free cholesterol is 

modeled to be the driver of processes such as VLDL-production or bile acid synthesis in the liver or 

cholesterol donation to HDL in the periphery. CETP is modeled to facilitate transport of cholesterol from 

HDL to both LDL and VLDL. Only LDL is allowed to deposit cholesterol at the periphery. 
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Figure 17 

LDL cholesterol levels (A) and HDL cholesterol levels (B) as simulated in the model of McAuley et al. 

with either no perturbation 'Control' or an abrupt decrease of hepatic de novo cholesterol synthesis of 75% 

at 12 months 'Statin', simulating the effect of simvastatin treatment. 

 

Van de Pas et al. (2010) modeled cholesterol metabolism in mice by first identifying 

the genes important for cholesterol homeostasis through evaluating data of knockout 

mice gathered from literature. Of 122 genes evaluated, 36 were considered of major 

impact on plasma cholesterol levels, of which 12 were directly related to a metabolic or 

transport process and thus incorporated into the model [71]. Compartments included in 

the model were plasma HDL and LDL, liver, intestine and periphery. In most 

compartments, a distinction was made between cholesterol and cholesteryl ester. Since 

it was not known on beforehand whether a zeroth or first order reaction would be best 

able to describe cholesterol flux from one compartment to another, a number of 

submodels were screened for their ability to correctly predict a shift in cholesterol 

concentration in 5 knockout mouse strains. The final model was constructed from an 

unweighted average of the models that could correctly predict this shift. Parameters 

were calculated by solving the steady state solutions, using steady state fluxes obtained 

from the literature [72]. This model was later adapted to describe cholesterol 

metabolism in man [73]. This required adding a reaction that accounted for the action 

of CETP, an enzyme that mice lack. Subsequently, parameters were adjusted to reflect 

cholesterol pools and fluxes measured in man. Finally, a feedback term of hepatic 

cholesterol on LDL-uptake was added in order to be able to describe the effect of 

treatment with a statin [74].  

The model makes a distinction between free cholesterol and cholesteryl ester in 

intestine and liver, which would suggest that this distinction is necessary in order to 

understand cholesterol dynamics. This assumption makes sense since free cholesterol 

and cholesteryl ester reside in different compartments, i.e. in the plasma membrane and 

lipid droplets respectively [58]. Moreover, changing the balance in free cholesterol and 
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cholesteryl ester through manipulating esterification or hydrolysis has marked changes 

on cholesterol homeostasis. Limiting cholesterol esterification in the liver through 

knockdown of sterol o-acyltransferase 2 has been shown to increase trans-intestinal 

cholesterol excretion [75]. Similarly, enhancing cholesterol hydrolysis in the liver 

through expressing human cholesteryl ester hydrolase in an LDLR-KO background has 

been shown to increase cholesterol excretion as bile salts [76]. Interestingly, in the 

model including feedback of intracellular cholesterol levels on the LDL cholesterol 

uptake, both free cholesterol and cholesteryl ester were included, implying that both 

free and esterified cholesterol assert control over LDL receptor expression. This 

assumption appears incorrect, since LDL receptor transcription is regulated by 

SREBP2, whose activity is only dependent on the free cholesterol concentration in the 

ER and not on the amount of cholesteryl esters in lipid droplets [77].  

Both mouse and human model were validated by the authors by evaluating the effect of 

a knockout in the model on plasma cholesterol levels. If the change predicted by the 

model was consistent with experimental findings in the respective knockout mice or 

homozygous deletions in humans, the model was considered valid [72,73]. The effect 

of LDL-receptor disruption was also evaluated and model simulations correctly 

predicted an increase in total plasma cholesterol. Similarly, in the human variant of 

their model, the effect of statins was simulated which correctly predicted a decrease in 

LDL-cholesterol levels [74].  

For both mouse and human model of cholesterol metabolism our functional test 

consists of simulating the effect of statins by decreasing the liver cholesterol 

production by 75%. For the mouse model we simulated the effect of lovastatin on 

apoE3L-mice, since other mouse strains do not react to statin treatment (see Strategy 

section). On applying this test on the mouse model we observe that while the 

cholesterol content in the liver decreases, decrease in plasma LDL-C is only 9%, with 

no change in HDL cholesterol levels (Fig. 19). Together, this corresponds to a 

reduction of 2% in total cholesterol. Experimentally, a reduction in total cholesterol of 

20% was observed with lovastatin treatment in apoE3L-mice which could be attributed 

to a decrease in both LDL and HDL cholesterol [47]. The lowering of total cholesterol 

lies outside the range we defined for our functional test (10%-50%), and thus the 

model does not pass the functional test. For the human model we simulated the effect 

of treatment with simvastatin. On applying the functional test to the human model, we 

observe a 27% decrease in LDL and an 14% increase in HDL cholesterol (Fig. 20), 

which does fall within the limits we defined for our functional test. Thus in contrast 

with the mouse model, the human model does pass our functional test. 
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Figure 18 

Model topology of van de Pas et al. [72,73]: Cholesterol is produced in the intestine liver and periphery. 

Cholesterol further enters the system through dietary intake. Cholesterol leaves the system through 

‘degradation’ by the liver representing bile acid synthesis and leaves through ‘degradation’ by the 

periphery as corticosteroid production and in the intestine through fecal excretion. Free cholesterol in the 

liver and intestine drives LDL-production. non-HDL-uptake is confined to liver and periphery. Cholesterol 

in the HDL-compartment can be derived from any compartment directly, except non-HDL. HDL-

cholesterol can only be taken up by the liver.  
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Figure 19  

Changes in cholesterol in liver (A) and plasma lipoproteins (B) as simulated for the mouse model of van 

de Pas et al. [72] for no perturbation and statin treatment respectively. Note the minor reduction in non-

HLDL-CE as opposed to no change in HDL-CE and HDL-FC. 

 

 

 

Figure 20 

Changes in cholesterol in liver (A) and plasma lipoproteins (B) as simulated for the human model of van 

de Pas et al. [73] for no perturbation and statin treatment respectively. Note that non-HDL-CE is reduced 

and in addition, HDL-CE is increased. 

 

Tiemann et al. (2013) modeled whole body cholesterol metabolism in the mouse 

during treatment with an LXR-agonist (Fig. 21). LXR-agonists have been shown to 

promote reverse cholesterol transport and have thus been considered in the treatment of 

atherosclerosis. The aim of Tiemann et al. (2013) was to better understand a severe 

side-effect of LXR-agonists, i.e. hepatic steatosis. Making use of a new modeling 

approach called Analysis of Dynamic Adaptations in Parameter Trajectories (ADAPT), 
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Tiemann et al. (2013) were able to estimate how the parameters in the model would 

have to change over time to best describe the experimental data. The strategy of 

ADAPT is to transform a longitudinal data set into a set of continuous cubic functions. 

Subsequently, the simulation time is divided into a number of smaller time steps in 

which parameters are held constant. Then, for each time step, parameters are re-

estimated so that at the end of each time step, the solution of the model is close to the 

values determined by the continuous functions, which serve as a proxy for the 

experimental data. In the parameter-optimization step, where the parameter set is 

optimized for the least-squares between the model solution and the cubic function, a 

penalty is placed on large deviations in parameter values as compared to the parameter 

values of the previous time step. In this way, parameter trajectories with parameters 

changing gradually over time are favored over parameter trajectories with highly 

fluctuating values, thus selecting for solutions that are biologically plausible. 

Moreover, by repeating the procedure for sets of continuous functions obtained by 

fitting to points sampled from within the distribution of the experimental data, the 

method takes experimental error into account [78].  

The model to which ADAPT was applied includes liver, plasma and periphery as 

compartments (Fig. 20). The liver was modeled to have four compartments containing 

triglycerides to make a distinction in both location (ER and cytosol) and function (FFA 

uptake and de novo lipogenesis). The plasma was modeled to contain lipoproteins with 

both triglyceride and cholesterol (VLDL) or only cholesterol (HDL). Triglyceride and 

cholesterol fluxes from VLDL included peripheral as well as hepatic re-uptake. 

Reverse cholesterol transport action was confined to HDL. FFA flux was modeled in a 

one-way fashion from periphery to liver.  

By modeling triglycerides in liver separated over four different compartments, it is 

implicitly assumed that such a distinction bears physiological relevance. At least in 

adipose tissue this has been suggested to be the case [79,80]. The authors predict that 

LXR-agonist treatment induces a reduction in VLDL-particle secretion and a reduction 

of the HDL cholesterol uptake capacity. In an independent experiment, it was observed 

that the protein content of SR-B1 in mouse liver was decreased upon treatment with 

LXR-agonist, in agreement with prediction of a reduction in HDL cholesterol uptake 

capacity [78]. 

The model of Tiemann et al. [78] includes hepatic cholesterol production and could 

thus be tested for the effect of statin treatment. For our functional test, we will simulate 

what ADAPT predicts when the cholesterol synthesis rate in the liver is decreased by 

75% (see Strategy section). Making use of the existing data set of mice on LXR-

agonist treatment, we used data reflecting the untreated case in C57Bl/6J-mice on 

chow diet. We then substituted values for LDL and total cholesterol by that from 

Vlijmen et al. [47] and hepatic cholesterol content from Wielinga et al. [81] so that it 
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would reflect apoE3L-mice (C57BL/6J -background) on a high-fat high-cholesterol 

diet. Subsequently the model was run with parameters estimated for the data set 

described above, however with a 75% decrease in hepatic cholesterol synthesis.  

When the model is simulated this way, it predicts that VLDL-C and total plasma 

cholesterol decrease with 45% and 28% respectively upon lovastatin treatment (Fig. 

22), which is within the limits defined in our functional test. However, ADAPT also 

predicts that HDL-C cholesterol remains unchanged, whereas a decrease of 20% was 

found experimentally [47]. Furthermore, ADAPT predicts that the lowering of LDL-

cholesterol occurs in a matter of hours, not weeks.  

We therefore conclude that ADAPT is not able to reproduce the effects of statin 

treatment in apoE3L-mice with the current model topology. One possible reason for 

this may be that the peripheral cholesterol pool is not taken into account. ADAPT has 

been shown to be capable of choosing the right model topology when provided with 

four toy models with the same states but different interactions and data from simulating 

one of these models [82]. It would be interesting to see what model topology ADAPT 

considers best given a longitudinal experimental data set derived fully from apoE3L-

mice on statins.  
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Figure 21 

Model topology of Tiemann et al. (2013). The model is hepatocentric. Hepatic cholesterol content drives 

VLDL-C production. Sources of cholesterol in the model are production in the liver (FC synt) and 

cholesterol delivery from periphery mediated by HDL. Cholesterol leaves the system through liver 

cholesterol degradation (FC cat) and peripheral VLDL-C clearance.  
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Figure 22 

Shown here is how plasma total cholesterol (TC), HDL cholesterol (HDL C) and VLDL cholesterol 

(VLDL C) are predicted to change when the hepatic cholesterol synthesis is fixed to 25% of the rate 

estimated from a dataset derived from apoE3-Leiden mice on a high-fat high-cholesterol diet, simulating 

the effect of treatment with lovastatin . Note how the model of Tiemann et al. (2013) predicts that 

specifically the VLDL cholesterol fraction will decrease whereas the HDL cholesterol fraction remains 

unchanged.  
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Fortunately, most of these issues could be resolved by personal communication with 

the authors so that in the end all models could be reproduced. We conclude however 

that it is vital for the lifespan of computational models to have a complete error-free 

description of differential equations, parameter values and initial values in the article 

and that this should be accompanied by a script that can be run with commonly used 

software tools. 

We examined all models for assumptions made during the modeling process, both 

explicit and implicit. Assumptions are inherent to the modeling (and experimental) 

process and for nearly every model evaluated we could find some that we would regard 

as suboptimal. However, except for one case [55], never in such a way that we would 

regard the model as biologically invalid up front.  

To test the models we used a virtual treatment with a statin. This particular 

perturbation was chosen because the effects of statins have been intensively studied 

and therefore a comparison between model prediction and in vivo data is relatively 

straightforward. However, the effects of statins are not completely known. In 

particular, to the authors’ knowledge the actual degree of inhibition of hepatic 

cholesterol synthesis upon statin use either in mice or humans has never been measured 

and therefore we had to make use of an estimate. 

For each studied category, we found one model that passed our functional test. Of the 

models in the categories 'Endocytosis of Lipoproteins' the model of Bhattacharya et al. 

passed [52,53]. We note that this was the fourth iteration of a model by this group, 

showing the merit of iterative modeling. We conclude that an adequate description of 

cholesterol metabolism at the cellular level requires the modeling of transcription of 

LDLR and HMGCR and the feedback of intracellular cholesterol levels on both 

[49,52]. If other model topologies describing the feedback of intracellular cholesterol 

on HMGCR will have similar success remains to be demonstrated [54]. One of the 

difficulties in deciding on an adequate mathematical formulation for the cholesterol 

feedback system on theoretical grounds is that it is not known how the cell is able to 

sense whole cell cholesterol levels in the ER where only a small fraction of cellular 

cholesterol is located [85]. Recently it has been proposed that the ER communicates 

with a 'labile' cholesterol pool in the plasma membrane whereas the other cholesterol 

pools are inert [4]. It would be interesting to explore the implications on mathematical 

descriptions of the cholesterol feedback system. 

Of the models in the categories 'Lipoprotein Dynamics', the model Lu et al. passed our 

functional test [31]. This model is focused on HDL-remodeling and describes RCT on 

the whole body level, i.e. not making a distinction between liver and periphery 

concerning ABCA1-mediated lipidation of lipid-poor ApoA-I. It would be interesting 

to see if this model is still able to adequately describe plasma lipoprotein dynamics if 

this distinction was made. This would also allow for evaluation of the RCT in its more 
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common definition, namely as the cholesterol transport from periphery to liver. For the 

whole body cholesterol homeostasis models, the model of van de Pas et al. passed 

[73,74]. The relative simplicity is perhaps the most intriguing aspect of this model. 

Besides the CETP-reaction it consists solely of zero and first order differential 

equations. Notably, the model only uses a feedback-term of hepatic cholesterol on 

LDL-uptake and does not contain any regulation concerning cholesterol synthesis or 

dietary cholesterol absorption. The fact that it withstood our functional test suggests 

that these regulatory mechanisms, that undeniably exist, are not necessary to explain 

day to day cholesterol fluxes under normal conditions.  

The third model makes use of the ADAPT method which is able to estimate how 

parameters in a model must change given a longitudinal data set [86,87]. The topology 

of the model was tested by simulating a 75% decrease in hepatic cholesterol synthesis. 

We tested ADAPT on a data set reflecting untreated apoE3L-mice on a high-fat high-

cholesterol diet. Since this data set was not sufficient to fill the model , we 

supplemented it with data from untreated C57Bl/6J-mice on a chow-diet. In this way it 

was demonstrated that the current model topology is not able to reproduce the 

experimental observations. If a full data set of apoE3L-mice on a high-fat high-

cholesterol diet treated with statins was available, ADAPT should be able to 

distinguish what model topology would fit this situation best, in turn increasing our 

understanding of cholesterol metabolism [82].  

In conclusion, the purpose of computational modeling is to increase our understanding 

of the modeled process. A prerequisite of such a venture is that published models are 

able to reproduce experimental findings, which we tested by applying  a simple 

functional test. We show here that most published models of cholesterol homeostasis 

fail. It must be stressed that models failing our functional test are not necessarily 

'wrong' for their intended purpose, since these models may not have been created with 

our specific functional test in mind. On the other hand, if a model does pass a 

functional test, it shows that it may have some general applicability, which would 

argue in its favor for use in a modular system. Taken together, these results show that 

the field is still in its infancy and we look forward to see how models on cholesterol 

metabolism will develop and capture more experimental findings over time. In 

addition, we believe that the field would benefit from an increase in iterations during 

modeling efforts so that the final goal of understanding the true complexity of dynamic 

behavior and regulation of cholesterol metabolism can be achieved.  
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