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Abstract

English

Cholesterol is one of the most important molecules in biology. Elevated plasma
levels are associated with an increased risk for arteriosclerosis and cardiovascu-
lar diseases. A common treatment for hypercholesterolemic patients are statins,
which are capable of reducing total plasma cholesterol levels. Within this thesis
the e ects of the statin simvastatin on cholesterol levels were studied using a
computational modelling approach. Based on extensive data curation, a kinetic
model of simvastatin pharmacokinetics coupled to a pharmacodynamic model
of cholesterol metabolism was developed. The resulting pharmacokinetic/ phar-
macodynamic (PK/PD) model was applied to study the e ects of simvastatin
on hepatic HMG-CoA reductase activity, hepatic cholesterol homeostasis and
plasma cholesterol levels.

German

Cholesterin gehort zu den wichtisten Molekulen in der Biologie. Erhohte Konzen-
trationen im Blut sind mit einem erhohten Risiko fur Arteriosklerose und Herz-
Kreislauf-Erkrankungen verbunden. Hau g verwendete Medikamente zur Be-
handlung von Hypercholesterinamie, die zu einer Senkung des Cholesterinspiegels
fuhren konnen. Im Rahmen dieser Arbeit wurde die Wirkung des Statins
Simvastatin mit Hilfe eines computergestutzten Sto wechselmodells untersucht.
Nach umfangreicher Datenkuration wurden Daten zur Pharmakokinetik und -
dynamik von Simvastatin und Cholesterol zusammengestellt. Auf dieser Grund-
lage wurde ein pharmakokinetisches Modell (PK) von Simvastatin, gekoppelt an
ein pharmakodynamisches Modell (PD) des Cholesterinsto wechsels, entwickelt.
Das resultierende Modell (PK/PD) wurde benutzt, um die Auswirkungen von
Simvastatin auf die hepatische Aktivitat der HMG-CoA Reduktase, die hepatis-
che Cholesterinhomoostase und die Cholesterinspiegel im Blut zu untersuchen.



1 Introduction

Cholesterol is one of the most important and most highly decorated molecules in
biology. Overall, thirteen Nobel Prizes have been awarded for research on this
molecule [5]. Cholesterol is part of every animal cell covering many functions.
Due to its importance, abnormalities of the cholesterol metabolism and levels
can result in serious diseases. A common disorder are elevated plasma levels of
total cholesterol (hypercholesterolemia) which are associated with an increased
risk for arteriosclerosis and cardiovascular diseases [60]. A standard treatment
for hypercholesterolemia are statins, drugs capable of decreasing plasma choles-
terol levels.

Within this thesis a kinetic model of simvastatin pharmacokinetics (PK)
coupled to a pharmacodynamic (PD) model of cholesterol metabolism was de-
veloped. The resulting PK/PD model was applied to study the e ects of sim-
vastatin on hepatic HMG-Coenzyme A reductase activity, hepatic cholesterol
turnover and plasma cholesterol levels.

1.1 Cholesterol

Cholesterol (Fig. 1) as one of the most important molecules in biology covers a
variety of essential functions in animal cells. It acts as a structural component in
cell membranes, interacting with lipids and numerous transmembrane proteins
to regulate uidity, rigidity, and permeability of cellmembranes [60]. In addition,
cholesterol acts as a precursor for many biomolecules such as bile acids, vitamin
D and steroids [14].

HO

Figure 1. Chemical structure of cholesterol. ( |CHEBI:16113, inchikey:
HVYWMOMLDIMFJA-DPAQBDIFSA-N) (chemical structure from
ChEBI [28])

Multiple routes and pathways are involved in cellular cholesterol homeostasis
in the human body. The most important being dietary uptake, cholesterol syn-
thesis, cholesterol utilization and excretion. The balance and the contributing
routes vary a lot in the population.


https://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI:16113

It is assumed that the gut absorbs a maximum of 1 g of dietary lipids a
day [4]. Dietary cholesterol is taken up by the intestine and distributed in the
body via lipoproteins (sec. [1.1.1).

De novo cholesterol biosynthesis contributes 0.6 to 1.2 g/day [12, 4] to the
cholesterol pool.

Being part of the systemic circulation, cholesterol utilization can take place
in all parts of the body. Its excretion is mainly into the feces as unchanged
cholesterol or as bile acids. Whole body utilization and fecal loss are reported
to contribute approximately 1.6 g/day [12].

1.1.1 Lipoproteins

Cholesterol as a lipid can be hardly solubilized in water and is too hydrophobic
to cross biomembranes passively. To transport cholesterol with the blood, it is
packed in lipoproteins mediated by lipoprotein receptors (Fig. [2) [5]. Lipopro-
teins are particles with a surface of a phospholipid monolayer, with integrated
free cholesterol and lipoprotein-speci ¢ apolipoproteins. The core contains choles-
terol esters and triglycerides [18].
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Figure 2: Lipoprotein structure. Lipoproteins consist of a phospholipid
monolayer with integrated free cholesterol molecules and lipoprotein speci ¢
apolipoproteins. Inside of the monolayer, the lipoprotein contains cholesterol
esters and triglycerides.

Apolipoproteins are not only important for the structure of lipoproteins,



but act as ligands for lipoprotein receptors. They are involved as regulators for
lipoprotein-metabolism [18].

Lipoprotein particles are di erentiated based on their lipid composition, size,
density and type of apolipoproteins. Important lipoproteins are HDL (high-
density-lipoproteins), IDL (intermediate-density-lipoprotein), VLDL (very-low-
density-lipoproteins), LDL (low-density-lipoprotein), and chylomicrons (also known
as ULDL, ultra low-density lipoproteins).

An overview on how these particles are involved in the transport of choles-
terol is given in Fig. 3.

Figure 3: Uptake and distribution of lipids and cholesterol via lipoproteins. Di-
etary lipids are absorbed by the intestine and stored in chylomicrones (ULDL).
Free fatty acids in chylomicrones can be taken up by peripheral and adipose
tissue cells. Via the release of free fatty acids the chylomicrones are converted
to chylomicrone remnants, which, with their cholesterol and remaining lipids,
are taken up by the liver through receptor mediated endocytosis. The liver is
the main site of cholesterol biosynthesis. Synthesized cholesterol is packed into
VLDL particles and excreted into the bloodstream. VLDL releases free fatty
acids to adipose tissue and is converted into IDL and subsequently into LDL.
LDL transports cholesterol and other lipids to peripheral tissues or can be taken
up by the liver through LDL-receptor mediated endocytosis. Cholesterol from
peripheral tissues is transported back to the liver by HDL particles.

Dietary cholesterol is taken up by the intestine and released in the circula-
tion with other dietary lipids in form of chylomicrones (ULDL). By releasing
free fatty acids they are converted to chylomicrone remnants, which with their
cholesterol and remaining lipid content are taken up by the liver through recep-
tor mediated endocytosis [18].

The liver is the main site of cholesterol biosynthesis. Hepatic cholesterol
is secreted as part of VLDL particles to the circulation, where VLDL is pro-
cessed via IDL to LDL [60]. VLDL-cholesterol particles are high in triglyc-
erides. By releasing free fatty acids from the VLDL particles to the adipose



tissue they are converted to IDL, which are converted after further lipid release
to LDL [18]. LDL particles are richer in cholesterol than VLDL and IDL and
are the main involved lipoproteins in the transportation of cholesterol from the
site of synthesis to peripheral tissues. LDL can be taken up by the liver through
LDL-receptor-mediated endocytosis thereby increasing cellular cholesterol lev-
els. Each lipoprotein has lipoprotein-speci ¢ apoproteins, which mediate trans-
port and endocytosis [80]. HDL transports cholesterol from peripheral tissues
back to the liver [18].

1.1.2 Cholesterol biosynthesis

Cholesterol biosynthesis (Fig. 4) is mainly located in the liver which accounts
for 50-70% of the total synthesis capacity [9, 60]. It is a complex pathway
involving more than 20 enzymes located in the endoplasmatic reticulum and
cytoplasm [60].



Figure 4. Schematic overview of cholesterol biosynthesis. Cholesterol is synthe-
sized from the precursor acetyl-CoA in a series of reaction steps. Key initial
enzymes of the cholesterol biosynthesis are HMG-CoA synthase and HMG-CoA
reductase, both negatively regulated by hepatic cholesterol levels via transcrip-
tional and translational mechanisms. Intermediates of the cholesterol synthesis
pathway are important precursors, for instance for ubiquitone, steroid hormones
or vitamin D. Cholesterol from LDL can be imported via LDL receptor medi-
ated uptake or can be exported as VLDL. LDL-receptor expression is negatively
regulated via hepatic cholesterol levels.

Acetyl-Coenzyme A (acetyl-CoA) is the main cholesterol precursor, with all
of the 27 carbon atoms of cholesterol originating from acetyl-CoA molecules [14].
Cholesterol synthesis includes three main reaction steps, introduced in the fol-

lowing section (see: https://reactome.org/content/detail/R-HSA-191273 for overview).

The initial step is the formation of acetoacetyl-CoA from two molecules
acetyl-CoA. Then, the enzyme HMG-CoA synthase hydrolyzes acetoacetyl-CoA



with an additional molecule acetyl-CoA to 3-Hydroxy-3-methylglutaryl-Coenzyme
A (HMG-CoA).

The next reaction is the irreversible reduction of HMG-CoA to mevalonate
mediated by the HMG-CoA reductase in the endoplasmatic reticulum. This
step is the main rate limiting step in cholesterol biosynthesis. Regulation of
this step, through regulation of this enzyme is important to maintain hepatic
cholesterol levels. Three ATP-dependent reactions catalyze the formation of
3-isopentylpyrophosphat from mevalonate via the mevalonate pathway.

Six molecules 3-isopentylpyrophosphat form squalen in the endoplasmatic
reticulum, which is catalyzed in the third main step via the intermediates
2,3-epoxysqualene, lanosterol and other metabolites to the end product choles-
terol [76].

1.1.3 Regulation of cholesterol biosynthesis

The biosynthesis of cholesterol is an energetically expensive process. In its
multiple steps, it requires acetyl-CoA, ATP, oxygen, NADPH and NADH and
involves several key enzymes. Due to these energetic costs and the importance of
cholesterol and its precursors, the biosynthesis of cholesterol is tightly regulated.
The regulatory mechanisms ensure constant cellular cholesterol and mevalonate
levels as well as avoiding sterol over-accumulation[24, 60].

A key regulatory mechanism is the modulation of the amount of key enzymes
via feedback regulation on transcriptional and translational level. Either choles-
terol directly or other intermediates of the cholesterol biosynthesis are involved
in this modulation.

LDL-cholesterol and cellular cholesterol levels can be sensed by the cell. As
LDL-cholesterol in the plasma is derived from cholesterol, it is an indicator
for cellular cholesterol levels. When LDL-cholesterol levels are low, the activ-
ities of HMG-CoA synthase and HMG-CoA reductase are held high, in order
to maintain mevalonate and cholesterol production. Studies in human brob-
lasts examined the e ects on the HMG-CoA reductase after the withdrawal
of lipoproteins. They found that the activity of HMG-CoA reductase was 50-
fold increased after the removal of lipoproteins in a cultured medium. When
lipoproteins were added back, the enzyme activity rose again [5].

Sterol regulatory element-binding proteins (SREBP) play an important role
in the transcriptional regulation. SREBPs are transcriptional regulators of pro-
teins involved in fatty acid and triglyceride synthesis (SREBP1) and cholesterol
biosynthesis (SREBP2) [31].

Low hepatic cholesterol levels are sensed by the cell, resulting in an in-
creased nuclear translocalization of SREBP2, followed by transcription of target
genes. This leads to increased expression rates of proteins involved in choles-
terol biosynthesis such as the HMG-CoA reductase, HMG-CoA synthase and
the LDL receptor. The LDL-receptor mediates the uptake of cholesterol from
plasma LDL-cholesterol particles. The increased receptor and HMG-CoA reduc-
tase and synthase expression lead to an enhanced uptake of cholesterol into the
cell and enhanced biosynthesis of cholesterol. Sterol repletion results in a deac-
tivation of transcription and activation of proteasomal degradation of SREBP2,
resulting in decreased synthesis and LDL-cholesterol uptake rates [60].



1.1.4 Hypercholesterolemia

Hypercholesterolemia is a lipid disorder characterized by elevated plasma LDL-
and total cholesterol levels. Hypercholesterolemia is associated with an in-
creased risk for atherosclerosis, which can lead to cardio-, cerebro- and pe-
ripheral morbidity and mortality [9]. Cholesterol levels became an important
indicator for increased risks for cardiovascular diseases (CVD), which are often
followed by death [1]. Globally CVD lead to approximately 17.8 million deaths
in 2017, increasing by 21.2% in comparison to 2007 [92]. Especially patients
with additional risk factor such as Type 1 or 2 diabetes, smoking, low physical
activity or high blood pressure are endangered for CVD by elevated blood lipid
levels [30].

Based on European guidelines from 2003 total plasma cholesterol and LDL-
cholesterol should not be higher than 5 mmol/l and 3 mmol/l, respectively. The
cut o values for high risk patients are reported as 4.5 mmol/l and 2.5 mmol/|
for total- and LDL-cholesterol. High risk patient are patients with at least one
or the combination of several risk factors [1].

Main reasons for elevated blood lipids are lifestyle factors or genetic disorders
(familiar hypercholesterolemia). Lifestyle factor are mostly dietary habits, such
as increased intakes of saturated and trans fatty-acids [35].

Familiar hypercholesterolemia (FH) is developed due to genetic mutations
in the gene encoding the LDL-receptor. This results in decreased expression
rates or loss of function for the receptor [35]. Consequences are delayed uptake
and clearance rates of plasma LDL-cholesterol, resulting in elevated plasma
levels. FH can be di erentiated in homozygote and heterozygote. Patients with
homozygote FH have two mutated LDL receptor alleles, leading to higher LDL-
cholesterol levels, than in patients with heterozygote FH, who have only a single
mutated allele [35].

1.2 Statins

Hypercholesteremia is typically treated with dietary changes and/or medication.
Most used drugs are statins, which are capable of inhibiting the HMG-CoA
reductase (Fig. 4), resulting in a reduction of plasma LDL-cholesterol and total
cholesterol [56].

Statin usage increased massively in the last 20 years. A study reported an
increase of 7.2% per year from 2000 to 2012 as the mean from several western
European countries. The DDD (daily de ned dosis) of simvastatin per thousand
inhabitants per day increased from 22 in 2000 to 95 in 2012 [89].

There are several statins available on the market including lovastatin, pravas-
tatin, uvastatin, atorvastatin, rosuvastatin and simvastatin, which is the most
frequently used statin. A study from Denmark reported an increased usage of
simvastatin from 55% in 1996 to 74% of total statin usage in 2012. Until 2015
the simvastatin usage as a fraction of total statin usage decreased to 53% [64].

From a chemical perspective statins can be di erentiated based on their syn-
thetic background and functional groups, varying in their hydro- and lipophi-
cility [36]. Type-1 statins (lovastatin, pravastatin and simvastatin) reuse the
structure of mevastatin, which is derived from the fungus Aspergillus terreus
These statins are either non-synthetic (lovastatin) or semi-synthetic (simvas-
tatin, pravastatin) and are administered as prodrugs. This means that their ad-



ministered form has no activity and needs to metabolized to their active form.
Type-2 statins are fully synthetic with larger functional groups (Fluvastatin,
Atorvastatin, Rosuvastatin) and are administered as active compounds [9].

1.2.1 Simvastatin metabolism

As simvastatin is the main focus of this work, its metabolism is introduced
in this section. Simvastatin undergoes extensive rst-pass-metabolism in the
intestine and liver [38]. Most of the drug is metabolised before reaching the
circulation. The metabolism of simvastatin is catalyzed by cytochrome P450
(CYP), by esterases and to some extent by non-enzymatically catalyzed reac-
tions [55]. CYP-enzymes are the main enzymes involved in the rst pass e ect,
accounting for 75% of drug metabolism, while esterases are believed to con-
tribute 10% [20].

Figure 5: Two classes of enzymes play a role in the metabolism of simvastatin.
Esterases convert simvastatin to simvastatin acid. Both, simvastatin and sim-
vastatin acid can be converted to several metabolites by CYP3A4. Depicted are
some of the main metabolites after CYP3A4-hydrolysis (6'-hydroxy-simvastatin,
3'-hydroxy-simvastatin and 6-exomethylene-simvastatin). Esterases are mainly
located in the liver and plasma, while CYP3A4 is mainly located in the liver
and small intestinal wall.

CYPs are oxygenases that catalyze hydroxylation-reactions [27]. Their main
site of action are the liver and small intestinal wall [55]. CYPs play a major
role in the metabolism of drugs and other xenobiotics. The metabolism of
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simvastatin and simvastatin acid is mainly mediated by CYP3A4 and CYP3A5
(together more than 80%), with CYP3A4 being the dominating isoform. Other
CYP isoforms such as CYP2C8 play a minor role (less than 20%) [78].

Esterases are a class of enzymes, which are mainly involved in the activa-
tion of prodrugs. They can be di erentiated based on substrate speci city and
sensitivity towards inhibitors. Main esterases involved in drug metabolism are
paraoxonases (PON) and carboxylesterases (CES). PONs belong to A-esterases
and hydrolyze aromatic esters. They are mainly located in the liver and plasma.
CESs belong to the B-esterases and are members of the serine esterase super-
family. They are mainly involved in the activation of prodrugs in the liver, lung,
small intestine and kidney. C-esterases are not believed to be involved in major
drug metabolism [20].

The activation of the inactive lactone simvastatin to its main active metabo-
lite simvastatin acid is mainly driven by esterases and non-enzymatically cat-
alyzed reactions, which reversibly convert simvastatin to simvastatin acid in the
liver and to some extent in the plasma [55].

CYP3A4-enzymes do not play a major role in the activation of simvastatin,
but hydrolyze simvastatin and simvastatin acid to multiple other metabolites.
Some of these metabolites can have inhibitory activity, but none of them are
as active as simvastatin acid. Important metabolites with a notable inhibitory
activity, are simvastatin 6'-carboxylic acid and 6'-hydroxy-simvastatin and 6'-
hydroxymethyl-simvastatin, with a activity of 40%, 50% and 90% of the activity
of simvastatin acid, respectively [91, 53].

1.2.2 Simvastatin pharmacokinetics

Pharmacokinetics characterize the kinetics and behaviour of a drug after admin-
istration. It describes the absorption, distribution, metabolism and elimination
(ADME) processes quantitatively and overviews how the body handles a sub-
stance.

The metabolic conversion of simvastatin has been introduced in the previous
section 1.2.1. Within this section an overview over absorption, distribution,
elimination and pharmacokinetic properties of simvastatin and its metabolites
is provided.

Absorption Typically simvastatin is applied orally, leading to rapid absorp-
tion by the gut and liver. It appears in the plasma circulation with a time
to peak concentration tyax 0of 1.3 - 2.4 hr. The Cyhax Of simvastatin is dose-
dependent and varies in a range of 10 - 34 ng/ml [15].

The gut plays an important role in the absorption of orally given substances
because of the e ect that some fraction of a drug is directly excreted into the
feces without appearing in the gut. For simvastatin 60 - 80% of a dose are
absorbed by the gut, while the rest is excreted into the feces [45].

Distribution Distribution kinetics mainly depend on chemical properties of
molecules with the polarity playing a major role. Simvastatin as a lactone is
a highly lipophilic, non-polar compound. It passes biomembranes passively via
di usion. After being converted by esterases and CYP3A4 enzymes, simvastatin
acid and other metabolites gain polarity and hydrophilicity and can not cross
biomembranes passively. They are subject to active membrane transporters.
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Hepatic simvastatin acid in ux is mediated by the OATP1B1 transporter [38].
The role of transporters for the hepatic e ux of simvastatin and simvastatin acid
is discussed. Initially, PgP-transporters (P-glycoprotein-transporters) were be-
lieved to mediate the e ux. Studies examined the di erent genes underlying
PgP- and OAT1B1-transporters and reported that only genetic variations for
the OAT1B1-transporter resulted in signi cant changes in simvastatin acid phar-
macokinetics [38]. Additionally studies examined the mediated e ux of PgP-
transporters for simvastatin and simvastatin acid and concluded that simvas-
tatin and simvastatin acid are not signi cantly subjects to PgP-transporters [29].

Studies in rats report accumulation of simvastatin acid and metabolites in
the liver, supporting the ndings which negate the role of PgP-transportes. This
establishes a tissue speci city for simvastatin and metabolites in the liver. This
e ects is bene cial because it allows the inhibitory activity to unfold its whole
potential in the liver where the cholesterol biosynthesis is mainly located [22].

Hepatic simvastatin and metabolites are subjects to enterohepatic circula-
tion. They are imported into the bile and are transported with the bile ow
back into the gut. There, simvastatin and metabolites can either enter systemic
circulation again or can be excreted into the feces [52]. Studies in dogs examined
the fraction of simvastatin and simvastatin acid, that was excreted in the bile
after an intravenous infusion of radiolabbeled simvastatin or simvastatin acid.
After intravenous infusion of simvastatin the recovered dose of simvastatin and
simvastatin acid were 1.6 and 3.5 % and 4.1 and 1 % respectively. After in-
fusion of simvastatin acid the recovered doses for simvastatin and simvastatin
acid were 11.0 and 13.8 % and 13.3 and 13.2 % respectively [90].

Simvastatin and simvastatin acid are highly plasma bound (98 and 95 %)
and the bioavailabiliy of simvastatin is only 5 % [65]. The area under the curve
extrapolated until innity AUCg; after an 60 mg dose of simvastatin were
46.6 5.8 and 21.7 4.5 ng/ml hr for simvastatin and simvastatin acid. The
AUCq, after the same dose for active and total simvastatin inhibitors were
reported as 88 6.9 and 243 15.4 ng/ml hr [53].

The volume of distribution after oral doses of di erent brands of capsules
with 20 mg simvastatin were reported as 19.255 13.658 and 16.222 8.969 litre
for simvastatin and 18.117 15.193 and 27.324 20.524 litre for simvastatin
acid [86].

Elimination Simvastatin is mainly eliminated in the feces after hepatic bil-
iary excretion. Studies report that 12.9 2.4 % total radioactivity of orally
administered radiolabelled simvastatin was found in urine and 57.6 9.4 % in
feces [17]. Manufacturer information report that little or no unchanged simvas-
tatin or simvastatin acid can be found in the feces and urine after intravenous
infusion. After infusion of simvastatin acid only 0.3 % were found in the urine
as inhibitory active compounds [23].

The excretion pharmacokinetic parameters half-lifet,,,; and clearancecl of
simvastatin are 2 - 5 hours [6] and 0.45 l/hr/kg [15], respectively. Studies
report elimination constants ke after administration of two di erent brands of
simvastatin (40 mg oral tablets) of 0.22 and 0.28 1/hr for simvastatin and 0.15
and 0.18 1/hr for simvastatin acid [69].
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1.2.3 Simvastatin pharmacodynamics

Simvastatin is used as a treatment for elevated plasma cholesterol levels in hy-
percholesterolemic patients. Typical doses of simvastatin are 5 to 80 mg daily.
The recommended dose of treatment to start a therapy is in the range of 10 to
40 mg simvastatin per day. A dose of 80 mg is very unlikely and is just taken
by patients with severe hypercholesterolemia at a high risk for cardiovascular
diseases [23]. This sections provides the insights into the e ects of simvastatin
on cellular and plasma cholesterol levels.

Figure 6: Inhibition of cholesterol synthesis by simvastatin acid. Main steps in
cholesterol biosynthesis analogue to Fig. 4, including e ects of simvastatin acid
and active simvastatin metabolites. The reaction chain is shortenend, starting
with the major cholesterol precursor acetyl-CoA and presents just one interme-
diate (HMG-CoA). The enzymes HMG-CoA synthase and reductase are shown
too, as well as the LDL-receptor. The negative feedback inhibition for the ex-
pression of these proteins through cellular cholesterol levels are included. This
gure includes the inhibition of simvastatin acid and other active metabolites
on the enzyme HMG-CoA reductase, which results in decreased activity of this
key enzyme.

The chemical form of simvastatin acid and other active simvastatin metabo-
lites are structurally related to the molecule HMG-CoA, which is the main sub-
strate for the HMG-CoA reductase. The structure analogy gives simvastatin
acid and other active metabolites the capability to bind to this enzyme, making
them competitive inhibitors for the HMG-CoA reductase. The whole inhibitory
potential is calculated by the sum of simvastatin acid and other active metabo-
lites with the respective inhibitory activity. [16]. Simvastatin acid accounts for
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25 % of this total inhibitory activity [3]. The sum of simvastatin acid as the
main active metabolites and other active metabolites are called active HMG-
CoA reductase inhibitors. They are di erentiated to total HMG-CoA reductase
inhibitors, which are the sum of the active inhibitors and metabolites that are
not activated yet, but can have inhibitory potential after further metaboliza-
tion. The di erence is quanti ed by the latent inhibitory activity, describing
the time after which other metabolites are activated [75].

The competitive inhibition of active HMG-CoA reductase inhibitors as the
rate-limiting step in cholesterol biosynthesis, leads to short and long-term ef-
fects. Short term e ects are the reduced synthesis of mevalonate, decreasing the
ux through cholesterol synthesis, reducing hepatic cholesterol levels. This leads
to long-term transcriptional adaptive reactions in the cholesterol homeostasis
system. The decrease of hepatic cholesterol leads to an enhanced expression
of LDL-receptors (to increase LDL-cholesterol uptake) and HMG-CoA reduc-
tase and synthase protein (to increase ux through the mevalonate pathway
and cholesterol synthesis). The uptake of LDL-cholesterol and LDL-cholesterol-
precursors (VLDL, IDL) from the blood is triggered [61].

Studies report an 200-fold concentration increase after a few hours in HMG-
CoA reductase proteins due to adaptive reactions on transcriptional levels. This
increase is a multiplicative e ect starting with induced transcription on mRNA,
followed by higher rates of translation of mMRNA, leading to higher enzyme
amounts. But even though more HMG-CoA reductase and synthase enzymes are
expressed, the HMG-CoA reductase is still strongly inhibited by simvastatin acid
and active metabolites, making the over-expression of these enzymes ine ective
in renormalizing hepatic cholesterol levels [24].

The other control mechanism is the the increased expression of LDL recep-
tors, which mediate an enhanced uptake of LDL and LDL-precursors from the
circulation. Hepatic cholesterol levels increase and plasma LDL-cholesterol lev-
els decrease, making simvastatin an e ective plasma cholesterol lowering medi-
cation [61].

In summary, not the inhibition of the HMG-CoA reductase and cholesterol
biosynthesis is the main mechanism for plasma LDL-cholesterol reduction, but
the increased uptake of LDL-cholesterol via up-regulated LDL-receptors.

1.3 Pharmacokinetic/pharmacodynamic model (PK/PD)

Physiological-based pharmacokinetic/ pharmacodynamic models allow to ex-
amine the pharmacokinetics and pharmacodynamics of drugs in the body com-
putationally. This allows to elucidate mechanisms and to understand complex
biological systems better, such in this work the e ects of simvastatin on HMG-
CoA reductase activity and plasma cholesterol levels.

Pharmacokinetic parameters can be predicted by a such a mathematical
model based on absorption, distribution, metabolism and elimination (ADME).
Representing body tissues, those models consist of compartments, which are
connected by ow rates, accounting for blood circulation. These tissue com-
partments include tissue-speci ¢ processes describing ADME and are modelled
as transport or metabolic reactions. An example would be the metabolic con-
version of simvastatin to simvastatin acid in the liver. Physiological-based phar-
macokinetic model are able to predict the pharmacokinetics of modelled drugs
and their metabolites [39].
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A pharmacodynamic model describes the biological or physiological e ect of
a substance on the body. In this thesis the pharmacodynamic e ect of simvas-
tatin and its metabolites on cholesterol biosynthesis, homeostasis and plasma
levels were studied.

1.4 Question, scope and hypothesis

Understanding how simvastatin a ects cholesterol levels is important. Many
older people take multiple medications (among them a statin) resulting in drug-
drug interactions with simvastatin. Better understanding these e ects and the
pharmacokinetics can improve the prescription of simvastatin in combination
with other medications and drugs.

Within this thesis the e ect of statins on cholesterol metabolism was studied
using a computational modelling approach. Speci cally, a physiological-based
pharmacokinetic model of the statin simvastatin was developed and connected
to a model representing hepatic cholesterol synthesis. The model was applied to
study the e ects of simvastatin on cholesterol biosynthesis and plasma choles-
terol levels.

Hypothesis  Our main hypothesis was:

The e ect of simvastatin on plasma cholesterol levels can be explained by a
hepatic model of inhibition of HMG-CoA reductase by active simvastatin metabo-
lites combined with transcriptional/translational regulation of HMG-CoA reduc-
tase, HMG-CoA synthase and LDL-receptor mediated cholesterol uptake.
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2 Methods

The main methods applied in this thesis were: curation of pharmacokinetic and
pharmacodynamics data (sec. 2.1), calculation of pharmacokinetic parameters
(sec. 2.2), development of a physiological-based pharmacokinetic/pharmacodynamic
model (sec. 2.3), parameter tting of model parameters (sec. 2.4), uncertainty
analysis (sec. 2.5) and sensitivity analysis (sec. 2.6).

2.1 Pharmacokinetics and pharmacodynamics data
2.1.1 Pharmacokinetics database (PK-DB)

PK-DB (https://pk-db.com) is an open database for pharmacokinetics informa-
tion from clinical studies providing curated information on (i) characteristics of
studied patient cohorts and subjects (e.g. age, bodyweight, smoking status); (ii)
applied interventions (e.g. dosing, substance, route of application); (iii) mea-
sured pharmacokinetic time-courses and (iv) pharmacokinetic parameters (e.g.
clearance, half-life, area under the curve) [25].

PK-DB was used as a curation platform and database for the simvastatin
and cholesterol pharmacokinetics and -dynamics studies curated in this work.
All data presented in this thesis is part of PK-DB.

2.1.2 Curation of data

The data curation process (Fig. 7) consists of multiple steps: literature research
for publications of interest, digitization of data and information, upload of data
to PK-DB, and checking of data by a second curator.

Figure 7: The gure presents the work ow of the curation process for PKDB.
Publications are collected and data, such as gures, datasets and information
about study design are digitized, stored and uploaded to the PKDB database.
This web interface gives instant feedback based on integrated validation rules.
The data is free accessible and can be Itered and reviewed or used to create
physiological-based models.
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The process starts with the research for and the collection of simvastatin
and cholesterol publications, based on substance-speci c inclusion criteria. The
focus for simvastatin were publications reporting the pharmacokinetics of sim-
vastatin and its metabolites after single or multiple dose application. Studies
reporting plasma concentration-time courses and pharmacokinetic parameters
under control conditions (healthy subjects without the intervention of other
drugs) were prioritized.

Inclusion criteria for cholesterol studies were met, if publications reported
plasma lipid concentrations (especially LDL-cholesterol) after single or multiple
doses of simvastatin. Studies were only included, if it was possible to curate data
for baseline and after simvastatin treatment levels of plasma lipids. Therefore
either baseline and end concentrations needed to be reported or one of these
values with the percentage change. This allowed to calculate the missing corre-
sponding data point. Data for total plasma cholesterol, lipoprotein-cholesterol
particles (e.g. VLDL-, IDL-, HDL-cholesterol), triglycerides or cholesterol pre-
cursors (e.g. stigmasterol, phytosterol) was curated.

After collection of publications the next step of the curation process is
data and information extraction. Concentration-time courses of simvastatin, its
metabolites, cholesterol and other lipids were manually digitized (using "Plot-
Digitizer") and stored with pharmacokinetic parameters in spreadsheets (using
"LibreO ce") and standardized JSON- les.

Information about the study design was added to the spreadsheets. This
includes data about study subjects and study design. Subject-information in-
cludes anthropometrics (e.g. age, height, BMI), medication (e.g. users of oral
contraceptives), health status (e.g. any diseases like diabetes etc.) and lifestyle
information (e.g. smoking status). Study design includes the administered in-
terventions, characterized by the dose, route (e.g. oral , intravenous), form (e.g.
tablet, capsule), the applied substances and the time of administration.

Spreadsheets and JSON data were uploaded to PKDB. During the upload
the data is checked against validation rules and sets of constraints, which en-
sure that all required information is provided in the correct format. Feedback
on missing information and curation errors is provided (e.g. missing or wrong
units for speci c types of measurement). All information is encoded in standard-
ized vocabulary annotated to ontologies. This includes choices for substances,
measurement types (e.g. concentration, pharmacokinetic parameters, age or
diseases of subjects). After successful upload a second curator checks the data.

2.1.3 Meta-analysis

Pharmacokinetic parameters from multiple studies were analyzed in a meta-
analysis. The combination of data from multiple sources allowed to nd curation
or reporting errors in the data and correct these (e.g. incorrect units). Specif-
ically, the dependency on simvastatin dose was analysed for pharmacokinetics
parameters of simvastatin and simvastatin acid. The PK-DB database allowed
via simple queries to retrieve all relevant data. Due to standardized encoding
of the data and features such as automatic unit conversion the data could be
easily combined.
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2.2 Pharmacokinetic parameters

Pharmacokinetic parameters were calculated from the simulated concentration-
time curves for simvastatin and simvastatin acid using non-compartmental meth-
ods. The area under the curve to the end pointAUCq eng , the maximal
concentration Chax and time of maximal concentration t,ox can directly be
calculated from the curve. However the calculation of the area under the curve
extrapolated to in nity AUCq:1 , the elimination rate k¢ , the half-life thys
the volume of distribution Vy , and clearancecl require linear regression of the
log-transformed concentration time course.

Figure 8: Calculation of pharmacokinetic parameters from concentration time
curves. The top panels show simvastatin concentration-time curves, after an
application of 40 mg simvastatin orally and the bottom panels the resulting
simvastatin acid curves. The right panels are log-transformed. The pharma-
cokinetic parameterstnax and Cpax are annotated and the area under the
curve until the endpoint AUC, ¢ng is shaded in green. The slopes of the log-
transformed plots were extrapolated using linear regression to calculate the area
under the curve until in nity AUCgq

The area under the curve until the end point AUCqy ¢ng and until in n-
ity AUCy1 were calculated using the trapezoidal rule. The area-under-the-
concentration-curve-area is a measure of the total plasma exposure to the re-
spective substances.

To calculate the parameter ke a linear regression of the log-transformed
concentration-time curve after the maximum is performed described by the
equation 1. kg is given by the slope and represents the fractional removal
rate of the drug from the body. It describes the elimination of the drug and is
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independent of the drug dose.
log(c(t)) = log(cO) kel t (2)

The parameter kg can be used to calculate the half-life of the drughy and
the volume of distribution Vy .

The parametertnhys describes the removal of a drug by giving the time after
which the concentration of the drug reaches half of the maximum concentration
Cmax - Itis calculated using equation 2.

log(2)
kel

thalf = 2)

To calculate the volume of distribution equation 3 is applied. The volume of
distribution is not a physical volume but a dilution space, describing the volume
of the dissolved drug after distribution in the body.

g DOSE

The parametersVy and ke can be used to calculate the clearancel with the
equation 4. It describes the cleared plasma volume of the drug per time unit.

cl = kel vd 4

Pharmacokinetic parameters were calculated either on curated experimental
time courses or on predicted model time courses (e.g. in Fig. 8).

2.3 Pharmacokinetic/pharmacodynamic model (PK/PD)

To develop a pharmacokinetic model of simvastatin and coupled it to a model of
cholesterol, an existing framework for physiological-based models on whole-body
levels was adapted. This describes the distribution of simvastatin, simvastatin
acid and simvastatin metabolites as well as cholesterol on a whole-body scale.

The model allows to simulate the plasma concentrations of simvastatin and
simvastatin acid after oral application of simvastatin. Based on the predicted
timecourses pharmacokinetic parameters for simvastatin and simvastatin acid
were calculated as described in sec. 2.2.

Initial literature research was performed to understand the absorption, dis-
tribution, metabolism and excretion of simvastatin and the biological and bio-
chemical pathways of cholesterol biosynthesis and metabolism. The literature
research included substance speci ¢ biochemical constants, such as Michaelis-
Menten constants, inhibitions constants and reference concentration values.
Where possible this data was used to parametrize the model. The remaining
model parameters were tted using curated time course data for simvastatin
and simvastatin acid (sec. 2.4).

2.3.1 Model representation and simulation

The individual tissue models as well as the whole-body PK/PD-model are or-
dinary di erential equation (ODE) models and can numerically be solved with
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ODE solvers. All models were encoded in the Systems Biology Markup Lan-
guage (SBML) [34, 33], the de facto standard to describe and exchange models
in systems biology. All models were completely unit annotated and validated.

The python tool sbmlutils [51] was used to build the model in SBML and
the tool sbmisim [50], which is based on libroadrunner [84] was used as a high-
performance simulator to run model simulations.

The model was build using an existing template of a whole-body model
which was coupled to tissue-speci ¢ models. Within this work tissue models of
the liver, intestine and kidney were developed as well as the necessary extensions
of the whole-body model to account for simvastatin and cholesterol metabolism.
The coupling of tissue models to the whole-body model was performed using
the SBML hierarchical model composition [82]. To perform model simulations
the model was attened to create a single SBML model.

2.4 Parameter tting

Parameter tting was used to determine parameters for which no experimental
data could be found in the literature (sec. 2.3)

The objective of the parameter tting step was to nd values for the param-
eters so that the resulting time course predictions of simvastatin simvastatin
acid, total inhibitors, and active inhibitors are as close as possible to the ex-
perimental time courses. The problem can be formulated as an optimization
problem which minimizes the residuals between the simulation and data curves.
An objective function was de ned and minimized using a least square approach
using a local optimization strategy [48].

The problem was formulated as a non-linear, bounded-variable least-squares
problem. This was solved with SciPy's leastsquares method [93]. An objective
function was created which follows a L2-norm consisting of the sum of weighted
residuals.

The L2-norm can be described with the following equation.

X
cost=0:5 (We Wik resix)? )

This formula sums multiple time coursesk and time points i. The residual of
time point i in time coursek is res; , describing the distance between the data
and the model. This distance is weighted withw;y , which weights the data
point i in time course k based on the given error of the data point. The time
coursek is weighted with the factor wy. In all ttings wyx = 1:0 for all k was
used weighting all time courses equally.

For each parameter included in the optimization problem constraints as up-
per and lower bounds were de ned. In total 50 sets of initial parameter guesses,
sampled from a log-uniform distribution using latin-hypercube sampling within
the de ned bounds, were used to perform a multi-start least squares t. The
least-square method is a local optimizer using gradient decent. This explores
the cost function locally around the initial parameter values.

Fitting of pharmacokinetics model of simvastatin In an initial explo-
ration parameters for the single studies with simvastatin and simvastatin acid
timecourses were tted individually (i.e. for every study a single parameter op-
timization was formulated). This allowed to test if the individual studies can
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be described with the developed model. The set of parameter ts resulted in
a parameter range for each tting parameter in which it describes the model
the best. These parameter bounds were subsequently used to constrain the pa-
rameter ranges for the t of all studies. The resulting optimal parameters were
used in the reference model.

The tted parameters for the simvastatin model included distribution pa-
rameters for the di erent substances, absorption parameters for simvastatin and
maximal velocities for the Michael-Menten kinetics for the transport and bio-
chemical reactions in the intestine and liver.

2.5 Uncertainty analysis

An uncertainty analysis was performed for most model simulations to quantify
the uncertainty depending on model parameters of predicted time courses and
calculated pharmacokinetic parameters.

Model simulations were performed varying each parameter individually by

50% resulting in a set of time course predictions. From the set of simulations
the standard deviation (SD) and the maximum and minimum values for each
time point were calculated and displayed in the plots as shaded areas. This
allowed to evaluate the variability in model predictions when changing all model
parameters systematically. Furthermore robustness of the model around the
reference parameter set could be tested.

Pharmacokinetic parameters were calculated (sec. 2.2) for the complete set
of time course predictions and standard deviations (SD) were calculated.

Parameters for physical constants (such as molecular weights), conversion
factors, and dosing were excluded from the variation for the uncertainty analysis.

2.6 Sensitivity analysis

The e ect of model parameters on model behaviour was analysed using sen-
sitivity analysis. Simulation experiments were set up and throughout model
parameters were varied and the resulting changes in model outputs quanti ed.

For the sensitivity analysis of pharmacokinetic parameters, individual model
parametersp; were changed by 10% from their reference valuep(o ! p. ).
The sensitivity was then calculated by normalizing the change in the pharma-
cokinetic parameter from baseline with the parameter change. The sensitivity
S(ok; pi) of the pharmacokinetic parameter g with respect to model parameter
pi is calculated with equation 6.

S(gpi) = Ck(pl;.o) ql<(p|; ) )
Pi:o pi;

Parameters for physical constants (such as molecular weights), conversion
factors, and dosing were excluded from the variation for the sensitivity analysis.

Pharmacokinetic parameters for simvastatin, simvastatin acid and simvas-
tatin metabolites were calculated and the e ect on the varied model parameters
evaluated based on outputs of the sensitivity-timecourses.

Analogically to the sensitivity analysis for pharmacokinetic parameters, model
readouts of the cholesterol model were analysed. Here, no pharmacokinetic pa-
rameters were calculated, but readouts such as concentrations for LDL-cholesterol
or protein levels were analysed. Due to the time dependence of those readouts
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the mean concentration of one single day was calculated. The sensitivity rep-
resents the change in such readouts compared to simulations without varied
parameters.
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3 Results

Within this work a pharmacokinetic/pharmacodynamic (PK/PD) model of sim-
vastatin including the e ects on HMG-CoA reductase activity and plasma choles-
terol levels was developed. The model was calibrated and evaluated using data
curated from the literature (sec. 3.1). Within this section the model for sim-
vastatin pharmacokinetics and cholesterol pharmacodynamics are presented, in-
cluding details about model parametrization (sec. 3.3). The simvastatin model
was validated by comparing model predictions to timecourse and pharmacoki-
netics data of simvastatin and its metabolites (sec. 3.4). The coupled simvas-
tatin and cholesterol model was applied to study the e ects of simvastatin on
HMG-CoA reductase activity and plasma LDL-cholesterol levels (sec. 3.5).

3.1 Simvastatin and cholesterol data
3.1.1 Data curation

Within this work a large database of time courses and pharmacokinetics data
of simvastatin as well as pharmacodynamics data in simvastatin therapy (to-
tal cholesterol, LDL-cholesterol, HDL-cholesterol, triglycerides) was established.
Importantly, multiple studies reporting e ects of simvastatin therapy on plasma
LDL-cholesterol under varying dose and duration were part of the curation ef-
fort.

Overall data from more than 40 studies was curated with an overview of the
studies given in Tab. 1. All data is freely available via the pharmacokinetics
database PK-DB [25]. The overview of the curated simvastatin pharmacokinet-
ics parameters are given in Tab. 2 and Tab. 3. The overview of time courses
of simvastatin and its metabolites is provided in Tab. 4. The overview of time
courses reporting changes in cholesterol, LDL-cholesterol, HDL-cholesterol and
triglycerides is provided in Tab. 5. To our knowledge this is the largest freely
available data collection related to simvastatin pharmacokinetics.

The curated database was used in developing and evaluating the PK/PD
model: (i) time courses of plasma simvastatin, simvastatin acid, total inhibitors
and active inhibitors after single dose application of simvastatin were used for
simvastatin model parametrization (sec. 3.3.1) and after multiple dose appli-
cation to validate model predictions (sec. 3.4.1); (ii) pharmacokinetics param-
eters of simvastatin and multiple dose administration timecourses were used
for model validation (sec. 3.4.2); and (iii) pharmacodynamic data (changes in
LDL-cholesterol due to simvastatin therapy) were used for evaluating predicted
e ects on plasma LDL-cholesterol levels (sec. 3.5.2 and sec. 3.5.4).
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3.1.2 Meta analysis

As part of the work pharmacokinetics data was combined in the form of a
meta-analysis. This allows to detect and correct outliers in the data (due to
curation errors or reporting problems) and to examine the dose-dependency of
simvastatin and simvastatin acid pharmacokinetics.

The data for the meta-analysis was ltered to only include data after single
oral application of simvastatin in healthy subjects. Data sets studying drug-
drug interactions by applying additional drugs or subjects with co-medication
as well as data in subjects with reported diseases were excluded.

A representative example of the resulting meta-analysis is shown in Fig. 9.

Figure 9: Meta-analysis of the dose-dependency oAUCy ¢nq Of simvastatin
(left) and simvastatin acid (right). Data points are either directly from curated
publications (blue) or calculated from digitized time-course data (black). Data
is mean SE where errors are provided.

The meta-analysis provided information about the dose-dependency of sim-
vastatin and simvastatin. It can be seen that the AUCy eng Of simvastatin and
simvastatin acid increases linearly with the simvastatin dose.

Information from the pharmacokinetics meta-analysis was used to validate
model predictions of the simvastatin pharmacokinetics model. Corresponding
data for other pharmacokinetics parameters is presented in the respective section
in the supplement (sec. 3.4.2).
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3.2 Computational model

Within this section the developed pharmacokinetic model of simvastatin (sec. 3.2.1)
and pharmacodynamic model of the e ects of simvastatin on HMG-CoA reduc-
tase activity and plasma cholesterol (sec. 3.2.2) are presented.

Kinetics  Biochemical reactions and transport reactions were modelled using
either reversible or irreversible Michaelis-Menten kinetics or reaction of zero or
rst order. If not stated otherwise reactions and rates follow one of these four

types.
Irreversible Michaelis-Menten kinetics were described via
vV,
V= max V S
Km
and reversible via
Y2 V(S P)

P S
I+ ot e

Each of the two Michaelis-Menten kinetics depend on the maximal velocity
Vmax and the Michaelis-Menten constant K,,. Reversible Michaelis-Menten
Kinetics were mainly used for transporters with K, for substrate and product
assumed identical. S and P are the concentrations of the substrate and product,
respectively.

Reactions of zero order (constant rate) were described via

v=k V
and reactions of rst order were described via
v=k V S

The parameterKk is the respective rate constant andS is the concentration of
the substrate. All reactions were scaled with a volume factoV to allow scaling
with changing organ volumes. Depending on the tissue and type of reaction the
rates were scaled either on a volume factor (e.g. liver volume) or total body
mass (e.g. body weight).

3.2.1 Pharmacokinetic model of simvastatin

Whole-body model The basis of the physiological-based model of simvas-
tatin pharmacokinetics was an existing template of a whole-body model (unpub-

lished work). The template-model allows to describe the absorption, distribu-

tion, excretion and systemic circulation of substances in the body. The various
tissues are modelled as compartments which are connected via the blood ow.
Physiological parameters of the model are de ned as part of the whole-body
model including volumes of the organs, blood ows describing the perfusion of
organs, body weight, or cardiac output. The whole-body template was adapted

for simvastatin (Fig. 10).
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Figure 10: Overview of organs and systemic circulation in the whole-body model
after oral application of simvastatin. The drug is absorbed by the gut/intestine
reaching the liver via the portal vein. A fraction of the dose is excreted into
the feces. After metabolization in the liver simvastatin or its metabolites can
either be transported to the hepatic vein or undergo enterohepatic circulation,
i.e., being exported from the liver through the bile back to the gut. Venous
blood ows through the lungs, is oxygenated and becomes arterial blood. From
the arterial blood the substances can reach the various organs such as the liver,
spleen, pancreas, gut, kidney or rest of the body (remaining organs). After
passing the organs the blood becomes venous blood. The kidney can excrete
simvastatin metabolites into the urine.

Simvastatin is absorbed by the gut/intestine reaching the liver via the portal
vein. The unabsorbed fraction of the simvastatin dose is excreted into the feces.
After metabolization in the liver, simvastatin and its metabolites can either be
transported to the hepatic vein or undergo enterohepatic circulation, i.e., being
exported from the liver through the bile back to the gut. Venous blood ows
through the lungs, is oxygenated and becomes arterial blood. From the arterial
blood the substances can reach the various organs such as the liver, spleen,
pancreas, gut, kidney or rest of the body (remaining organs). The kidney can
excrete simvastatin metabolites into the urine.

The pharmacokinetics model of simvastatin includes three main metabolites:
(i) simvastatin, (ii) the main active metabolite simvastatin acid, and (iii) so-
called simvastatin metabolites. As discussed in the introduction (sec. 1.2.1)
simvastatin and simvastatin acid undergo conversion by CYP3A4 to various
secondary metabolites. Within the model the simvastatin metabolites account
for all of these secondary metabolites.

Tissue models of the organs relevant for simvastatin pharmacokinetics were
created and connected to the whole body template, i.e. for the liver, gut/intestine
and kidney.

The absorption kinetics of simvastatin play an important role for the over-
all pharmacokinetics of simvastatin after oral dosing. Dissolution of simvastatin
and transport through the stomach introduce a time delay with which orally ap-
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plied drugs appear in the intestine before they can be absorbed. These processes
were lumped in a single reaction of rst order (equation 7).

Vdissoluton = Kadis Polaﬁ (7)
R

The velocity of the dissolution depends on the oral doseF ODOSE) and the pa-
rameter kagis , describing the rate of dissolution/ stomach passage. The molec-
ular weight of simvastatin Mg is used to convert between applied doses in mg
and substance units used in the model in mmole. The amount of dissolved dose
is tracked via the state variable GUTDOSE, describing the amount of dose
already dissolved in the intestine, but not yet absorbed.

Subsequent absorption of simvastatin by the gut was modelled as rst order
reaction (equation 8).

GUTDOSE
Vabsorption = K@aps T Ma (8)
R
The absorption in the gut/intestine depends on the absorption rate kagps With
which the GUTDOSE is absorbed.
The resulting di erential equations for the dissolution and absorption are

dP ODOSE

—at = Vdissolution Mg 9)
dGUTDOSE
—at = Fsimvastatin Vdissolution MR Vabsorpton MR (10)

The fraction Fgmvastatin @~ Of the dissolved dose is absorbed by the gut, the
remaining fraction is excreted as unabsorbed simvastatin into the feces via equa-
tion 11.

Vieces simyastatin =(1 Fsimvastatn ) Vdissolution (11)

The rate depends on the velocity of the dissolution reaction (equation 7) and
fraction absorbed Fgimvastain - One study reported this fraction as approxi-
mately 60% [8], while another study reported 61-85% [90]. Based on these
results and very low reported simvastatin in the feces (based on radioactive
tracers) a fraction absorbed of 0.85 was used in the model (85% of a dose are
absorbed and 15% are directly excreted into the feces).

After absorption by the gut, simvastatin can either be metabolized there
or transported via the portal vein to the liver where further metabolization
can take place. From the liver simvastatin and its metabolites can reach the
systemic circulation. The kidney can remove substances from the blood. The
corresponding tissue models of the intestine, liver and kidney are described
below.
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Figure 11: Overview of the intestinal tissue model. Metabolites are depicted
as circles and reactions as squares (red irreversible, black reversible). Simvas-
tatin, simvastatin acid and simvastatin metabolites can be exchanged between
the intestine and the blood. Simvastatin and simvastatin acid can be metabo-
lized via CYP3A4 in the intestine to simvastatin metabolites. The simvastatin
metabolites can be excreted in feces by the intestine. The plot was created using
CySBML [46].

Intestine submodel Substances taken up orally are reaching rst the stom-
ach and subsequently the intestine. From the intestinal content the substances
can be absorbed by the intestine and are transported in the portal vein.

The exchange of simvastatin between blood and gut is modelled via a re-
versible Michaelis-Menten kinetic. Because of the reversibility, simvastatin can
be taken up by the intestine, but is also able to be excreted into the blood.

Furthermore the intestinal submodel includes two biochemical reactions cor-
responding to the rst-pass metabolism through CYP3A4-enzymes in the in-
testinal wall. These reactions are the conversion from simvastatin and sim-
vastatin acid to simvastatin metabolites, modelled with irreversible Michaelis-
Menten kinetics. Simvastatin acid and simvastatin metabolites can only be ex-
ported from the intestine into the plasma blood (irreversible Michaelis-menten
kinetics).

The fecal excretion was modelled with a kinetic of rst order. Only simvas-
tatin metabolites can be excreted based on the fact that little or no simvastatin
and simvastatin acid have been reported in the feces after simvastatin admin-
istration (see sec. 1.2.2). Once excreted, substances can not reappear in the
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systemic circulation, but are removed from the body.

Figure 12: Overview of the liver tissue model. Metabolites are depicted as
circles and reactions as squares (red irreversible, black reversible). Simvastatin,
simvastatin acid and simvastatin metabolites can be exchanged between the
liver and the blood. Simvastatin and simvastatin acid can be metabolized via
CYP3A4 in the liver to simvastatin metabolites. Simvastatin can be converted
by esterases to simvastatin metabolites in the liver. The simvastatin metabolites
can be transported via the bile to the gut/intestine via enterohepatic circulation.
The plot was created using CySBML [46].

Liver model  Blood from the intestine reaches the liver via the portal vein.
Simvastatin, simvastatin acid and simvastatin metabolites can be reversibly ex-
changed between the blood and the liver. Reversible Michaelis-Menten kinetics
were used to describe the OATP1B1 mediated import.

The liver is besides the intestine the major site of simvastatin metabolism
(Fig. 12). To model the hepatic metabolism, three biochemical reactions were
implemented. The rst reaction is the activation of simvastatin to simvastatin
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acid mediated by esterases. The remaining two reactions are similar to the bio-
chemical reactions in the intestinal submodel. These are the conversion of sim-
vastatin and simvastatin acid to simvastatin metabolites catalyzed by CYP3A4.
All three reactions are modelled with irreversible Michaelis-Menten kinetics.

As mentioned in the introduction simvastatin and its metabolites are sub-
jects to enterohepatic circulation via the bile to the gut. The model assump-
tion was that only simvastatin metabolites undergoes enterohepatic circulation
(based on the fact that only very low amounts of simvastatin and simvastatin
acid are found in the bile). The transport into the bile and from the bile into
the gut were modelled with rst-order kinetics.

Kidney model The kidney plays a role in the excretion of simvastatin derived
metabolites. Excretion in the urine was modelled via a rst order kinetics that
transports simvastatin metabolites from the arterial blood irreversibly to the
urine.

VsimmerscL = K T Vi simmets gy (12)

The velocity of the urinary clearance depends on the parameter for simvas-
tatin metabolite clearance k and f , which correspond to the model parameters
SIMMETSCL k and SIMMETSCL _f. The parameter SIMMETSCL _f
determines the fraction of the urinary clearance in comparison to the fecal clear-
ance. Introducing a global clearance parameteSIMMET SCL _k in combina-
tion with a fractional clearance parameter allowed to restrict the contribution
of urinary excretion within the parameter tting. Findings that the fecal and
urinary clearance account for approximately 60% and 10%, respectively, could
so be used as an additional restriction in parameter tting.

As a model simpli cation the transport reactions from the plasma to the
kidneys and from the kidneys to the urine were lumped as a single direct trans-
port reaction from the plasma into the urine with renal excretion depending
on the plasma concentrationsimmetse,; of simvastatin metabolites. As for all
tissue reactions scaling with the respective organ volume was performed, here
with the kidney volume V; .

Simvastatin and simvastatin acid are not excreted in the urine, based on
the ndings that little or no unchanged simvastatin or simvastatin acid can be
found in the urine (sec. 1.2.2).
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3.2.2 Pharmacodynamic model of cholesterol

Figure 13: Overview of cholesterol homeostasis and biosynthesis in the liver
as modelled. Metabolites are depicted as circles and reactions as squares (red
irreversible, black reversible). A simplied model of cholesterol biosynthesis
from acetyl-CoA via the two main reactions HMG-CoA synthase and HMG-
CoA reductase were implemented. Blue dotted lines represent modulation such
as inhibition or induction of a reaction by a substance. As an example the
hmgcoa synthase (liver) inhibits the HMGCOASYNTHASE kinetic via product
inhibition. The regulation of Idireceptor DEGRADATION and -SYNTHESIS
kinetics via hepatic cholesterol are important for Idlreceptor (liver) levels. Addi-
tionally the same kinetics of modulation mediated by cholesterol (liver) are im-
plemented for the HMG-CoA reductase (liver) and HMG-CoA synthase (liver),
but not shown. The plot was created using CySBML [46].

To examine the pharmacodynamics of simvastatin a simpli ed model of choles-
terol homeostasis was developed (Fig. 13). This model is mainly located in
the liver submodel and focuses on processes that are relevant for maintain hep-
atic cholesterol homeostasis. Thede novo synthesis, the uptake and export of
plasma LDL-cholesterol, the uptake from dietary sources and the excretion in
the feces as bile acids or unchanged cholesterol.

Regulation of protein amounts Cholesterol metabolism in the liver is
highly regulated by feedback mechanisms via cholesterol. Hepatic cholesterol
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levels regulate the expression and degradation of the proteins HMG-CoA reduc-
tase, HMG-CoA synthase and the LDL-receptor. These proteins were imple-
mented as hmgcoareductase, hmgcoasynthase and Idireceptor variables in the
liver model. Two reactions a ect these protein amounts, one describing the ex-
pression/translation, the other describing the degradation. Both reactions were
modeled as zero order kinetics with an additional regulatory term depending on
hepatic cholesterol (equation 13 and 14).

. 1
Vsynthesis = ksynthesis Vi W (13)
ke

. cho
Vdegradation = kdegradation Vi (l+ W) (14)

The reactions depend on the parametekr, which regulates the impact of
the cholesterol concentration on the synthesis (inhibition) or degradation (ac-
tivation). The rate constants Ksynthesis and Kgegradaton determine the rate of
protein synthesis and protein degradation, respectively.

The model assumption was made that the cholesterol concentration in u-
ences the synthesis and degradation of all of the three proteins in the same
manner and identical parameter values were used for all three proteins.

HMG-CoA synthase The cholesterol biosynthesis is the central part of the
model. The starting point is the synthesis of HMG-CoA from three molecules
acetyl-CoA via the HMG-CoA synthase. The reaction was modelled as a rst
order kinetic with two regulatory mechanisms (equation 15).

_ Kear hmgcoasynthase acoa Vj

VHMGCOASYNTHASE = hmgcoa (15)
1+ —=—
I

The reaction kinetic includes a product inhibition from HMG-CoA and a
dependence on the protein amount of HMG-CoA synthase. The amount of
hmgcoasynthase linearly in uences the maximum velocity of the reaction, de-
termined by the term Kcat hmgcoasynthase The product inhibition was
implemented to avoid HMG-CoA over-accumulation, when the following step of
the conversion of HMG-CoA is inhibited. The strength of the product inhibition
is determined by the parameterHMGCOASY NTHASE _K;. Acetyl-CoA was
assumed to be constant, to maintain a steady pool of precursors.

HMG-CoA reductase The subsequent steps in the cholesterol biosynthesis
were lumped in a single reaction step, which directly catalyzes cholesterol from
HMG-CoA. One molecule of HMG-CoA is converted to 6-isopentylpyrophosphate
and six of these molecules are used to form one molecule cholesterol via multiple
steps. This results in an overall stoichiometry of six molecules HMG-CoA to
one molecule cholesterol for the model.

HMG-CoA reductase was modelled as irreversible Michaelis-Menten kinetics
with additional regulatory terms (equation 16).

v _ Keat hmgcoareductase hmgcoa V; 16)
HMGCOAREDUCTASE = p—— — :
Km(1+ simacid +famgniy simmets )+ hmgcoa
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The velocity of this reaction depends on the parameterK,, and the in-
hibition constant K;. Additionally the concentration of the protein amount
hmgcoareductase linearly determines the maximum velocity, with the term
Kceat hmgcoareductase

The main e ect of simvastatin is the inhibition of HMG-CoA reductase via
its metabolites. This inhibition does not only come from the main metabolite
simvastatin acid but the simvastatin metabolites contribute to this inhibition as
well. The parameter f ,criviy determines the inhibitory activity of simvastatin
metabolites which was assumed to be 0.5, i.e., simvastatin metabolites have
50% of the activity of simvastatin acid (in line with reported values). The
active HMG-CoA reductase inhibitors as introduced in the introduction, are
the sum of simvastatin acid and simvastatin metabolites weighted byf activity -

The inhibition of HMG-CoA reductase by simvastatin is the main linking
point between the pharmacokinetics model for simvastatin and the model for
cholesterol biosynthesis and homeostasis. The inhibition constark; determines
the a nity of active HMG-CoA reductase inhibitors for the enzyme HMG-CoA
reductase.

Cholesterol rates Hepatic cholesterol can be exported into the plasma as
VLDL-cholesterol, which is converted in the body to LDL-cholesterol. The
main focus of this work was the description of LDL-cholesterol. Therefore, the
process of packing cholesterol into VLDL particles and the subsequent conver-
sion into LDL was lumped to a single reaction. The export and transformation
to LDL-cholesterol were highly simpli ed to a reaction directly converting hep-
atic cholesterol to plasma LDL-cholesterol with an irreversible Michaelis-Menten
kinetic.

cho;
VIDLCEXP = Vimax V"K+7(I:hq- (17)
m |

The import of LDL-cholesterol from the plasma and its conversion back to
hepatic cholesterol was in an analogue manner described by a simpli ed reaction
with irreversible Michaelis-Menten equation.

IdICext

Vipicivp = Keat Vi ldlreceptor ———
E cat Tl O + 1diCaq

(18)
Importantly, the maximum velocity of this concentration depends linearly on
the concentration of the LDL receptor in the liver.

The excretion of cholesterol as bile acids or unchanged cholesterol in feces
is lumped in a single reaction describing hepatic cholesterol loss. This reaction
and the dietary uptake of cholesterol are modelled as zero order kinetic, i.e., as
constant rate of loss and dietary uptake with rates in line with reported daily
cholesterol loss and dietary uptake.

Vdietaryuptake = kdietaryuptake Vli (19)

Vcholesterolloss = kcholesterolloss VIi (20)

Lastly, a cholesterol utilization reaction on the whole body level was in-
cluded, which consumes LDL-cholesterol (e.g the usage of cholesterol to build up
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cell membranes). The kinetic of this reaction was assumed to follow Michaelis-
Menten kinetic.

Idlc
Vidic utilization = Vmax BW Wﬁ:ﬁ% (21)
This equation depends on the parameteiK , and the LDL-cholesterol con-
centration in the venous bloodldIcey . The maximum velocity is determined by

the parameter Vinax . The reaction scales with the bodyweightBW .

Summary Insummary, a detailed physiological-based pharmacokinetics model
of simvastatin and its metabolites was developed including tissue models of the
intestine/gut, the liver and the kidneys. Furthermore, a simpli ed model of
hepatic cholesterol homeostasis was developed including the key steps of choles-
terol biosynthesis in the liver and rates relevant for cholesterol homeostasis (loss,
dietary uptake, utilization). Transformation of hepatic cholesterol and the uti-
lization as LDL-cholesterol was added. The main coupling point between the
pharmacokinetics model of simvastatin and cholesterol biosynthesis is the inhi-
bition of HMG-CoA reductase by active simvastatin inhibitors.

3.3 Model parametrization

Next step was parametrization of the model. A subset of parameters for the
simvastatin and cholesterol model could be obtained from the literature. A
literature search for kinetic parameters and reference concentrations for sim-
vastatin, its metabolites, cholesterol and its precursors involved was performed.
The results from this literature research are presented in the supplement in
section 6.6.

3.3.1 Parametrization of simvastatin model

Literature values The hepatic uptake of simvastatin and its metabolites are
mediated by the OATP1B1 transporter and modelled via a reversible Michaelis-
Menten kinetics. Based on research th& , -values for the transporters

LI _SIMVAIMP and LI _SIMACIDIMP  were set to 9.7 M for simvas-
tatin and 3.6 M for simvastatin acid [7], respectively. The hepatic uptake of
simvastatin metabolites was assumed to be similar due to the structural sim-
ilarity of the molecules. The K,-value LI _SIMMETSIMP was set to the
mean of simvastatin and simvastatin acid, 6.7 M. Identical K ,-values for the
transport reactions in the intestine and the liver were assumed for simvastatin,
simvastatin acid and simvastatin metabolites.

The conversion of simvastatin to simvastatin acid is mediated by esterases
in the liver. A variety of K, K; and IC50-values for esterases with simvastatin
or simvastatin acid as substrates and inhibitors are reported in the literature.
The reported K;-value of 0.8 M in human liver microsomes for the esterase
CES1ALl in homo sapiens [19] was used d&&,, for the esterase reaction.

The reaction of simvastatin and simvastatin acid to simvastatin metabolites
in the liver and intestine are mediated by cytochrome P450 (CYP) enzymes.
The CYP3A4 isoform is the major isoform involved in this reaction and ex-
pressed in liver and intestine. The assumption was made that theK ,, -value
is identical for the conversion of both substances in both tissues (the identical
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isoform of CYP3A4 is expressed in liver and intestine). Literature research ob-
tained K , -values for the conversion of simvastatin acid to simvastatin metabo-
lites speci cally for CYP3A4-conversion. These values were 21.6 and 29M in
three di erent assays [78]. Other assays examined th& , -values by the con-
version of simvastatin and simvastatin acid by human liver microsomes. These
values were in the range of 20.9 - 36.2M for simvastatin [77] and 47 - 76 M
for simvastatin acid conversion [78]. TheCY P3A4_.Km value for the CYP3A4
conversion was set to 25 M. The conversion of simvastatin and simvastatin
metabolites via CYP3A4 was assumed to follow identical kinetics.

Parameter tting The remaining parameters of the simvastatin model were
determined using parameter tting (sec. 2.4).

In total 16 model parameters were tted for the simvastatin model based
on simvastatin, simvastatin acid, total and active inhibitors timecourses and
timecourses of the sum of simvastatin and simvastatin acid. The parameters
accounted for kinetics in the absorption, distribution, elimination and in the
import and export to the liver and intestine. Additionally parameters for the
biochemical reactions mediated by the esterases and CYP3A4-enzymes were
tted.

The following 20 studies after single oral dose of simvastatin in healthy sub-
jects with in total 40 timecourses were used for parameter tting tting. The
respective reported substances are listed for the studies.

Backman2000 [2]: simvastatin, simvastatin acid
Chung2006 [11] :simvastatin

Gehin2015 [21]: simvastatin, simvastatin acid
Jacobson2004 [37]: simvastatin, simvastatin acid
Jiang2017 [38]: simvastatin, simvastatin acid
Kantolal998 [41]: simvastatin, simvastatin acid
Kim2019 [44] : simvastatin, simvastatin acid
Kyrklund2000  [49]: simvastatin, simvastatin acid

Lilja1998 [53] : simvastatin, simvastatin acid, active HMG-CoA reductase in-
hibitors, active HMG-CoA reductase inhibitors

Lilja2000 [54]: simvastatin, simvastatin acid

Lilja2004 [55] : simvastatin, simvastatin acid

Lohitnavy2004  [57]: simvastatin, simvastatin (two simvastatin formulations)
Marino2000 [62] : simvastatin and simvastatin acid (as sum)

Mousa2000 [68]: simvastatin

Neuvonen1998 [70]: simvastatin and simvastatin acid (as sum), total HMG-
CoA reductase inhibitors

Pasanen2006 [74] : simvastatin and simvastatin acid

Pentikainen1992  [75]: active HMG-CoA reductase inhibitors, total HMG-CoA
reductase inhibitors

TubicGrozdanis2008  [86]: simvastatin, simvastatin acid (two simvastatin for-
mulations)

Ucar2004 [88]: simvastatin, simvastatin acid
Zhou2013 [96]: simvastatin
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Importantly, only simulation experiments and studies for single dose sim-
vastatin application were used in model tting. All studies with multiple dose
simvastatin application were used as validation data. These include 6 studies
with in total 11 timecourses:

Bergman2004 [3]: simvastatin, simvastatin acid, active HMG-CoA reductase
inhibitors, total HMG-CoA reductase inhibitors

Hsyu2001 [32]: active HMG-CoA reductase inhibitors
Jacobson2004 [37]: simvastatin

Simard2001 [81]: simvastatin, simvastatin acid

Zhi2003 [95]: simvastatin and simvastatin acid

Ziviani2001 [97]: simvastatin and simvastatin acid (as a sum)

Some studies showed large deviation from the remaining studies and were
excluded from the parameter tting and subsequent analysis. These are mainly
studies in non-healthy subjects and or subjects with a speci ¢ ethnicity. The
excluded studies with respective reasons for exclusion are:

Cheng1994 [8]: Not healthy subjects (subjects underwent cholecystectomy)

Harvey2018 [26]: Not healthy subjects. In addition only geometric mean data
were reported.

OBrien2003 [72]: Not healthy subjects (chronic myeloid leukaemia)

Najib2003 [69]: Simvastatin and simvastatin showed large deviation; possibly
due to ethnicity and genetic variants (Arabian ethnicity)

Sugimoto2001 [85]: Simvastatin and simvastatin showed large deviation; pos-
sibly due to ethnicity and genetic variants (Japanese ethnicity)

Lohitnavy2004  [57]: Not clearly reported what was measured in the study.

Prueksaritanont2002 [79]: Active and total HMG-CoA reductase inhibitors
showed large deviation (reason unclear, probably reporting issue)

In total 23 timecourses for simvastatin (19 single dose and 4 multiple dose
as validation data), 17 timecourses for simvastatin acid (14 single dose and 3
multiple dose as validation data), 3 timecourses for simvastatin and simvastatin
acid as a sum (2 single dose and 1 multiple dose as validation data), 4 time-
courses for active HMG-CoA reductase inhibitors (2 single dose and 2 multiple
dose as validation data) and 4 timecourses for total HMG-CoA reductase in-
hibitors (3 single dose and 1 multiple dose as validation data) were used in the
tting procedure and subsequent model evaluation.

The resulting optimal parameters are listed in Tab. 6. In the following we
refer to the model with optimal parameters as 'reference model'. If not otherwise
stated all simulations were performed with the reference model. If additional
parameters were adjusted these are mentioned in the respective simulations and
gures.
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Table 6: Parameters included in the parameter tting and their optimal values.

It lists the parameter name as represented in the model, a short description of
the parameter, the optimal value after tting, and the unit. The shown values
are parameter tting results rounded to the fourth digit.

Parameter Description Value Unit

Ka _dis _simva SV dissolution rate 1.0289 ﬁ
Ka _abs _simva SV absorption rate 0.4282 ho&r
ftissue  _simva SV distribution rate into 0.2014 |

tissues

SVA distribution rate into |

ftissue _simacid tissues 0.01484 i

Ll __SIMVAIMP  _V max Vmax of SV ftransport in 47.7479 mmole
the liver min |

LI _SIMACIDIMP _V max Vmax of SVA transport in 4.2756E-3 mmole _
the liver min 1

LI _SIMMETSIMP  _Vmax Vmax of SVM transport in 0.06248 mmole
the liver min
Vmax Of the reaction of SV . mmole

LI _ESTERASE _Vmax to SVA in the liver 0.1176E-3 hin T
Vmax Of the reaction of SV

LI _CYP 3A 4.V max and SVA to SVM in the 3.0882E-3 %
liver

GU SIMVAEXP  _Vmax Vmax of SV transport in 184.4580 mmole _
the intestine min 1

GU _SIMACIDEXP .V max vmax _Of SVA transport in 1.6099¢-06 mmole
the intestine min 1

GU _SIMMETSEXP  _Vmax Vmax Of SVM transport in 0.3216 mmole
the intestine min
Vmax Of the reaction of SV

GU _CY P 3A 4.V max and SVA to SVM in the in- 0.3972 %
testine

Ll _BILEINFLOW  _simmets _k K Of the SVM import into 247.2279 1
the bile min

SIMMETSCL & vmax Of the SVM clear- 27.8647 L1
ance into the feces min
factor determining the
fraction of the urinary

Kl __SIMMETSCL _f clearance from the fecal 0.0580 dimensionless
clearance for SVM in the
kidney

3.3.2 Parametrization of cholesterol model

For the parametrization of the cholesterol model, initial/reference concentra-
tions for hepatic cholesterol, HMG-CoA and acetyl-CoA, Michaelis-Menten con-
stants and inhibition constants for the enzymes and rates for cholesterol balance
were required.

Concentrations and parameters for biosynthesis Literature research ob-
tained reference concentrations for hepatic acetyl-CoA of 0.043 0.031 nmol/g
wet weight in human liver microsomes [13]. Another study reported a range
of 0.028 to 0.081 nmol/g wet weight in liver in rats [59]. These values were
converted into mol/l assuming the wet weight of liver tissue of 1 mg/ml. The
reported concentration in human liver microsomes, supported by the rat stud-
ies, was used as the initial liver concentration for hepatic acetyl-CoA. It was set
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to 0.043 mM.

For the hepatic concentration of HMG-CoA the literature research obtained
a reference value of 0.022 0.027 nmol/g wet weight in human liver micro-
somes [13]. As described above the value was converted tamol/l and the
model concentration of hepatic HMG-CoA was set to 0.022 mM. The reaction
of the HMG-CoA synthase in the model (acetyl-CoA to HMG-CoA) includes
a product inhibition. The corresponding Ki -value of the product inhibition
LI __HMGCOASYNTHASE _Ki_hmgcoa was estimated using the HMG-CoA ref-
erence concentration and set to 0.022 mM, as well.

Studies reported a total free cholesterol concentration range of 5.8 - 160 nmol/g
in the liver of mice [10], 8.17 nmol/g in the liver of rats, and 10 nmol/g in liver
mitochondria of mice [83]. These values were converted into mol/l as men-
tioned above. Based on these ndings the initial hepatic cholesterol concentra-
tion was set to 0.02 mM. The export reaction of cholesterol uses a Michaelis-
Menten kinetics. Using the reference concentration of hepatic cholesterol the
Km -value of this kinetic LDLCEXP _Km was assumed to be in normal concen-
tration range and set to 0.02 mM.

The kinetic of the HMG-CoA reductase was parametrized based on litera-
ture research as well. Studies report &Km -value for the conversion of HMG-
CoA of 4 M [36] and an inhibition constant of simvastatin on the HMG-CoA
reductase of 0.12 nM [16]. These values were set in the model for the parameters
LI __HMGCOAREDUCTASE _Kmand LI _HMGCOAREDUCTASE _Ki _simacid,
respectively.

Hepatic cholesterol homeostasis To model hepatic cholesterol homeostasis
all liver reactions and rates needed to be balanced in the reference state: This
means without the addition of simvastatin acid, with an initial hepatic choles-
terol concentration of 0.02 mM and a plasma LDL-cholesterol concentration of
3 mM (which is the cut-o value for hypercholesterolemia, sec. 1.1.4). No net
plasma LDL-cholesterol change should occur under these conditions.

In line with literature data dietary uptake and synthesis were set to 1 g/day
each, the cholesterol loss was set to 1.2 g/day and the net export to the plasma to
0.8 g/day. The net export is the di erence between plasma export and import.
These rates create a balanced homeostasis, with 2 g/day of cholesterol being
lost or exported and 2 g/day being synthesized or taken up by the liver.

All in all there are ve reactions, that directly in uence hepatic cholesterol
levels. In the parametrization strategy the vmax, Kcat or K values of these
reactions were scaled with a reference parameter_sho_reference set to a net
cholesterol turnover of 1 g/day.

The dietary uptake and cholesterol loss, which use zero order reactions
could be directly set to the required rates. The parameters Ll_cho.lossk and
LI __cho.diet_k were set to 1.2 v_cho._reference and 1.0 v_cho_reference, to set
the loss and dietary uptake strictly on 1.2 and 1.0 g/day, respectively.

To create an net export of 0.8 g/day, the Kcat-values of the import and
export were set to 2.0 v_cho_reference and 2.8 v_cho.reference respectively,
which sums to a net export of 0.8 g/day. The values were multiplied by two,
due to the use of Michaelis-Menten kinetics (the reference concentrations are
exactly the K, of the reactions, resulting in a ux of 0.5 maximal rate at
reference concentrations).
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The Kcat-value HMGCOAREDUCTASE _Kcat of the reaction HMG-CoA
to cholesterol, mediated by the HMG-CoA reductase is multiplied with
1.0 v_cho_reference to set the synthesis in the reference-state to 1 g/day.

The Kcat-value HMGCOASYNTHASE _Kcat of the reaction from acetyl-
CoA to HMG-CoA, mediated by the HMG-CoA synthase was scaled with
350 v_cho.reference. Simply to be much higher than the HMG-CoA reductase
to maintain a su cient pool of HMG-CoA for cholesterol synthesis.

If no simvastatin acid is present in the liver, the synthesis is not inhibited
and the cholesterol concentration does not vary. Therefore the protein amount
for the Idl-receptor, hmgcoasynthase and -reductase were set to 1 mM at the
reference point, and do not a ect the respective reactions in steady state con-
ditions.

Parametrization of plasma LDL-cholesterol Additionally to the liver
model, a reaction accounting for the utilization of LDL-cholesterol is imple-
mented in the whole-body. In the steady-state plasma LDL-cholesterol needs to
be constant. The rates of the hepatic uptake and export of cholesterol produce
a net export of LDL-cholesterol into the plasma. To maintain constant plasma
LDL-cholesterol levels, the utilization needs to be balanced to the net export of
0.8 g/day.

The Michaelis-Menten constant K, of utilization reaction is set to the
reference-value of LDL-cholesterol of 3 mM and the maximal velocitywmax IS
set to 0.8 v_cho_reference, to compensate the net export.

At initial plasma LDL-cholesterol levels of 3 mM the cholesterol uxes are
nicely balanced. However, it is not robust against changes in the initial LDL-
cholesterol. A main application of the model was to evaluate e ects of sim-
vastatin therapy on di erent LDL-cholesterol levels. Simply setting the initial
concentration to increased plasma LDL-cholesterol values, results in unbalanced
rates and the concentration is drifting away from the initial concentration to-
wards the reference state of the model.

To achieve steady-state at various initial LDL-cholesterol levels a compen-
sation factor was introduced to scale the parameter \wcho_reference. The above
described factor of 0.8 for the utilization in the reference state can be understood
as the value for this factor in those conditions.

Multiple timecourses without simvastatin administration and varying initial
LDL-cholesterol levels were simulated with varied compensation factor. After-
wards, the factor, which lead to constant LDL-cholesterol concentrations for 3
weeks of simulation, were evaluated and plotted against the initial concentra-
tion.

A double exponential regression was performed for the factors which achieved
steady state, resulting in an equation, with which the correct compensation
factor based on a given initial concentration could be calculated. This allowed to
set any initial concentration of plasma LDL-cholesterol with balanced utilization
and net export of the liver. In short, changing the utilization relative to the
net export of cholesterol allows to achieve various steady states of plasma LDL-
cholesterol.
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3.4 Simvastatin pharmacokinetics
3.4.1 Time courses of simvastatin and metabolites

A main result of the work is a validated pharmacokinetic model of simvastatin.
The model is able to predict timecourses for simvastatin, simvastatin acid, active
and total HMG-CoA reductase inhibitors after single or multiple interventions
of various simvastatin doses.

In total timecourses from 25 publications with 20 experiments with single
dose and 6 experiments with multiple dose administrations of simvastatin were
simulated.

Representative simulation experiments for single and multiple dose experi-
ments are shown in Fig. 14 and in Fig. 15. The remaining simulation experi-
ments are provided in the supplement (sec. 6.1 and sec. 6.2).
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Figure 14: Representative experiments for single dose simvastatin. The de-
picted data are from the publications Lilja1998 [53], Gehin2015 [21] and Kan-
tolal1998 [41] including timecourses for simvastatin, simvastatin acid, active and
total HMG-CoA reductase inhibitors with SD values and counts. The simulation
time curves and the sensitivity are plotted for each timecourse.
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Figure 15: Representative experiments for multiple dose simvastatin. The data
are from the publications Bergman2004 [3], Simard2001 [81] and Zhi2003 [95]
including data for simvastatin, simvastatin acid, active and total HMG-CoA
reductase inhibitors with SD values and counts. Simvastatin was given orally
daily. The simulation time curves and the sensitivity are plotted for each time-
course.

Overall, the model predicted a wide range of studies from various sources

and under di erent doses very well. The validation timecourses under various
multi-dose strategies were predicted well too.
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3.4.2 Pharmacokinetic parameters of simvastatin and simvastatin
acid

In a next step the pharmacokinetic model was validated using pharmacokinet-
ics parameters. Simvastatin pharmacokinetic parameters were calculated on the
predicted time courses and the dose-dependency of each parameter was evalu-
ated. The data from the meta-analysis was used to compare and validate model
predictions. The results of AUCo1 , Chax , tmax and volume of distribu-
tion Vy are depicted in Fig. 16. The remaining parameters are provided in the
supplement (sec. 6.3).

The predicted dose-dependency of the pharmacokinetic parameters is in very
good agreement with the experimental data for simvastatin and simvastatin
acid. Especially the dose-dependency cAUCy e¢ng and Chax IS nicely repro-
duced by the model. All predicted pharmacokinetics parameters are within the
range of the validation data.

Some outliers exist in the dataset. Many are from the study TubicGroz-
danis2008 [86]. They used slow-release capsules for simvastatin, which altered
the pharmacokinetics of simvastatin. The reference model can not predict those
types of administration. A ret of the absorption and dissolution parameters
would be required with the respective data. Furthermore, for simvastatin acid
AUCp1 and Cnax the study Pasanen2006 [74] is a clear outlier. Here, di er-
ent genotypes for the OATP1B1 transport, were analyzed resulting in altered
pharmacokinetics. Again a ret of the model parameters with the respective
subset of data would allow to describe these data.

The model prediction interval of the model based on uncertainty analysis
gives only a rough estimated of model uncertainty around the reference state.
To model the large variability in the data set realistic ranges of all parameters
in the models would be required.

In summary, the pharmacokinetic model reproduces a wide range of clinical
and experimental data from multiple studies. Importantly, not only time courses
under single or multiple dose could be reproduced and predicted but also the
dose-dependency of pharmacokinetic parameters of simvastatin and simvastatin
acid.
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Figure 16: Dose-dependency of pharmacokinetic paramete®SUCo1  , Crhax »
tmax and Vg for simvastatin and simvastatin acid. Shown are the dose-
dependencies in the range of simvastatin doses from 1 to 100 mg predicted by the
simvastatin model. The uncertainty areas are plotted as the blue shaded areas.
Additionally the data from the meta-analysis was added for comparison. with
reported values in blue and values calculated from experimental timecourses in
black. Data points are mean and SD.
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