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ABSTRACT

Hypercholesterolemia is a multifaceted plasma lipid disorder with heterogeneous causes including
lifestyle and genetic factors. A key feature of hypercholesterolemia is elevated plasma levels
of low-density lipoprotein cholesterol (LDL-C). Several genetic variants have been reported
to be associated with hypercholesterolemia, known as familial hypercholesterolemia (FH).
Important variants affect the LDL receptor (LDLR), which mediates the uptake of LDL-C from
the plasma, apoliporotein B (APOB), which is involved in the binding of LDL-C to the LDLR, and
proprotein convertase subtilisin/kexin type 9 (PCSK9), which modulates the degradation of the
LDLR. A typical treatment for hypercholesterolemia is statin medication, with simvastatin being
one of the most commonly prescribed statins. In this work, the LDL-C lowering therapy with
simvastatin in hypercholesterolemia was investigated using a computational modeling approach.
A physiologically based pharmacokinetic model of simvastatin integrated with a pharmacodynamic
model of plasma LDL-C (PBPK/PD) was developed based on extensive data curation. A key
component of the model is LDL-C turnover by the liver, consisting of: hepatic cholesterol synthesis
with the key enzymes HMG-CoA reductase and HMG-CoA synthase; cholesterol export from the
liver as VLDL-C; de novo synthesis of LDLR; transport of LDLR to the membrane; binding of LDL-C
by LDLR via APOB; endocytosis of the LDLR-LDL-C complex; recycling of LDLR from the complex.
The model was applied to study the effects of simvastatin therapy in hypercholesterolemia due to
different causes in the LDLR pathway corresponding to different subtypes of hypercholesterolemia.
Model predictions of LDL-C lowering therapy were validated with independent clinical data sets.
Key findings are: (i) hepatic LDLR turnover is highly heterogeneous among FH classes; (ii)
despite this heterogeneity, simvastatin therapy results in a consistent reduction in plasma LDL-C
regardless of class; and (iii) simvastatin therapy shows a dose-dependent reduction in LDL-C. Our
model suggests that the underlying cause of hypercholesterolemia does not influence simvastatin
therapy. Furthermore, our model supports the treatment strategy of stepwise dose adjustment to
achieve target LDL-C levels. Both the model and the database are freely available for reuse.
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INTRODUCTION

Cholesterol is one of the most important and highly decorated molecules in biology (Brown et al., [1986).
It is a critical structural component of cell membranes (Luo et al., 2019) and a precursor for a variety of
important biomolecules such as bile acids, vitamin D or steroids (Cornforth and Popjaak, [1958). Cholesterol
is a highly lipophilic compound and is transported in plasma by lipoproteins such as HDL (high density
lipoprotein), LDL (low density lipoprotein), and VLDL (very low density lipoprotein).

The liver is the major site of cholesterol synthesis, clearance, and export into the plasma via VLDL
cholesterol. 70% of the clearance of plasma LDL-C is mediated by LDL receptors on the membrane surface
of hepatocytes (Gidding et al., 2015). Hepatic cholesterol levels can be increased by dietary cholesterol
intake, uptake from plasma LDL-C, or hepatic de novo synthesis, and decreased by export to plasma,
conversion to bile acids, or fecal excretion (Luo et al.,[2019). The LDLR life cycle in the liver is tightly
regulated by several key processes. These are (i) de novo synthesis of LDLR; (ii) transport of LDLR
to the membrane; (iii) binding of extracellular LDL-C to membrane-bound LDLR via apolipoprotein B
(APOB); (iv) endocytosis of the LDLR-LDL-C complex; and (v) recycling of LDLR from the complex.
LDLR production rates in the liver are controlled by cholesterol levels in hepatocytes via negative
feedback (Gidding et al., 2015).

A common abnormality in whole-body cholesterol homeostasis is elevated plasma levels of total
cholesterol in combination with elevated LDL-C, known as hypercholesterolemia (Ibrahim et al., 2020)).
Hypercholesterolemia is associated with an increased risk for atherosclerosis, which can lead to cardio-,
cerebro-, and peripheral morbidity and mortality (Christians et al., [1998). Cholesterol levels have become
an important indicator of increased risk for cardiovascular disease (CVD) (Backer, [2003).

The main treatment for hypercholesterolemia is lifestyle changes such as lipid-lowering diets or lipid-
lowering medications (Ibrahim et al., [2020). The most prominent medications are statins, which account
for 95.8% of prescribed lipid-lowering medications in 2019 (Cheema et al., 2022). Statins can be used as
lipid-lowering drugs because of their ability to inhibit the enzyme HMG-Coenzyme-A reductase (HMG-
CoA reductase). This enzyme catalyzes the conversion of HMG-CoA to cholesterol, which is one of the
major rate-limiting steps in cholesterol biosynthesis (Corsini et al., [1995). The resulting decrease in de
novo cholesterol biosynthesis and hepatic cholesterol concentration leads to an upregulation of LDLR
expression. As a consequence, the clearance of LDL-C from plasma by LDLR-mediated uptake into the
liver increases, leading to a decrease in plasma LDL-C and total cholesterol concentrations (Magot et al.,
1991).

Simvastatin is one of the most popular and widely used statins. In 2011-2012, 23.2% of adults aged 40
and over in the United States used simvastatin as a cholesterol-lowering medication (Gul [2014). Simvastatin
itself is a prodrug that must be activated in the liver by esterases to the main active metabolite, simvastatin
acid. Both simvastatin and simvastatin acid are metabolized by cytochrome P450 3A (CYP3A4) in the
small intestine and liver to other simvastatin metabolites that have less inhibitory activity than simvastatin
acid. Simvastatin is a nonpolar and highly lipophilic compound capable of passive diffusion across
biomembranes. After metabolism, the metabolites gain polarity and are subject to specific transporters (e.g.,
the hepatic influx of simvastatin acid is mediated by the OATP1B1 transporter) (Jiang et al., 2017). The
rapid first-pass metabolism and hydrophilicity of simvastatin result in a bioavailability of only 5% (Mauro,
1993). These effects lead to accumulation of simvastatin acid and other active metabolites in the liver where
they competitively inhibit HMG-CoA reductase (Germershausen et al., [1989). Simvastatin undergoes
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enterohepatic circulation and is excreted as a variety of different simvastatin metabolites predominantly in
the feces.

Hypercholesterolemia is a multifaceted disease with heterogeneous causes. These include mainly geneti
and lifestyle factors (Ibrahim et al., 2020). Genetic factors typically lead to familial hypercholesterolemia
(FH), which describes elevated plasma LDL cholesterol levels due to genetic disorders affecting the function
of LDL-R, apolipoprotein B (APOB), and proprotein convertase subtilisin/kexin type 9 (PC5SK9) (Di Taranto
et al|, 2020). The different genetic variants can be classi ed as loss of function of LDLR or loss of binding
capacity of LDLR to APOB on LDL-C particle$ (Di Taranto et al., 2020). FH can be classi ed into six
classes (Gidding et al., 2015; Hobbs et|al., 1992; Defesche et all, 2017):

Class 1: LDLR or precursors are not synthesized.

Class 2: LDLR is not properly transported from the endoplasmic reticulum to the Golgi apparatus for
expression on the cell surface.

Class 3: LDLR does not properly bind LDL because of a defect in either APOB-100 or in LDLR.

Class 4: LDLR bound to LDL-C does not properly cluster in clathrin-coated pits for receptor-mediated
endocytosis.

Class 5: LDLR is not recycled back to the cell surface and is rapidly degraded.
Class 6: LDLR is not initially transported to the basolateral membrane.

All classes result in reduced LDL-C uptake from plasma but have different underlying causes in the
LDLR lifecycle (binding, uptake, recycling, synthesis, activity). These six classes are grouped into two
main categories: (i) receptor-negative mutations, which result in no LDLR synthesis or the synthesis of a
non-functional LDLR, and (ii) receptor-defective mutations, which result in the synthesis of a less effective
LDLR (Defesche et &li, 2017). In contrast to the six classes of FH, mutations in PCSK9 do not result in
loss of function of proteins involved in LDLR expression, but in gain of function of proteins involved in
LDLR degradation|(Di Taranto et al., 2020).

An open question is how the different classes of FH affect lipid-lowering therapy with statins. A
better understanding of simvastatin therapy and whether and how different treatment regimens work in
the different classes may allow a more personalized approach to cholesterol-lowering therapy based or
subgroup strati cation. Because of the complex regulation of cholesterol synthesis and homeostasis and
the pharmacokinetics and metabolism of simvastatin, this question has been dif cult to answer. In addition,
the correct dosage of simvastatin is a major challenge, as too low concentrations result in ineffectiveness
(no or insuf cient reduction in LDL-C) and too high concentrations result in possible side effects such
as hypertension and muscle damage. It is unclear which dosing strategy should be used in which clas:s
Computational modeling can be used as an important method to study such complex sysiéoas

Computational models of simvastatin (Moon and Siith, 2002; Ogungbenro et al., 2019; Tsamandouras
etal., 2014, 2015; Kim et al., 2011; Methaneethorn et al., 2014; Lohitnavy et al., 2015; Kim et al., 2011;
Wojtyniak et al., 2021), cholesterol (Paalvast et al., 2015; Wrona et al., 2015), and models of the effect
of simvastatin on cholesterol levels (Kim et al., 2011) have been developed. Most of these studies usec
small patient cohorts for model development (mostly a single clinical trial) and lack validation with
independent data sets. These models lack general applicability. Modeling approaches such as networ
analysis (Moon and Smith, 2002; Wojtyniak et al., 2021) or population pharmacokinetic models using
mostly one-compartment models (Kim et al., 2011; Ogungbenro et al., 2019; Tsamandouras et al., 2014
2015; Methaneethorn et al., 2014) for simvastatin work well to describe a given data set, but they often
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lack general interpretability because they do not explicitly represent physiology. They often include only
simvastatin and sometimes simvastatin acid, ignoring other important active metabolites that contribute to
the lipid-lowering effect of simvastatin. Such reduced models do not take into account how physiological
changes, such as anthropometric factors, affect simvastatin therapy. One study used a large data set f
model building and validation and examined the effect of simvastatin in combination with various drug-
drug and drug-gene interactions (Wojtyniak et al., 2021). Importantly, different FH classes in relation to
simvastatin therapy are not investigated in any of the existing models.

The aim of this work was to develop a physiologically based model of simvastatin and cholesterol to
study LDL-C lowering therapy with simvastatin in different FH classes. Such a model can help to better
understand the quantitative and qualitative effects of simvastatin treatment and its ef cacy in patients with
elevated plasma cholesterol. In addition, this model can be used to answer the open question of whethe
genetic screening could be bene cial for personalized simvastatin therapy, e.g. to adjust dosing protocols
according to individual physiology and genetics.

MATERIALS AND METHODS
Data curation

A database of simvastatin pharmacokinetics and LDL-C pharmacodynamics in simvastatin therapy was
established for model development and validation (see Tab. 1). The data set consists of concentration-tim
curves and pharmacokinetic parameters for simvastatin and its metabolites simvastatin acid, active an
total HMG-CoA reductase inhibitors. The pharmacodynamic data set consists of time courses of plasma
LDL-C concentration during simvastatin therapy.

Inclusion criteria for simvastatin studies were that the studies reported pharmacokinetics and/or
concentration-time curves of simvastatin and its metabolites after single or multiple doses of simvastatin.
Priority was given to studies reporting data under control conditions (healthy subjects without the
intervention of other drugs). Inclusion criteria for cholesterol studies were that the studies reported
plasma lipid concentrations or changes (at least for LDL-C) after single or multiple doses of simvastatin.
For inclusion, studies had to report baseline concentrations before treatment. The data are accompanie
by metadata about the subjects and groups studied (e.g., type of atherosclerosis) and the interventio
used (e.g., dose and route of simvastatin administration). All data have been curated using an establishe
curation pipeline (Grzegorzewski et al., 2022) and are available via the PK-DB pharmacokinetics database
(https://pk-db.com) (Grzegorzewski et al., 2021).

Computational model

A physiologically based PK/PD model was developed to predict simvastatin pharmacokinetics
and cholesterol pharmacodynamics. The model is available in the Systems Biology Markup
Language (SBML) (Hucka et al., 2019; Keating et al., 2020) under a CC-BY 4.0 license from
https://github.com/matthiaskoenig/simvastatin-model. This paper used version 0.9.1 of the ndoag| (K
and Bartsch, 2023). The model was developed using sbmlutitgi¢ 2022), simulated using
sbmlsim (Konig, 2021) with libroadrunner (Somogyi et al., 2015; Welsh et al., 2023) as the high
performance simulator, and visualized using cy3sbnar(ig§ et al., 2012).
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