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Abstract

English

Hypercholesterolaemia, i.e., elevated plasma levels of cholesterol, is a major risk factor for cardio-
vascular disease, the leading cause of death globally. Hypercholesterolaemia can be treated using
statins, a class of medications which inhibit HMG-CoA reductase, a major enzyme in cholesterol
synthesis.

Pravastatin is a statin used to reduce total and low-density plasma cholesterol levels and increase
high-density plasma cholesterol levels in hypercholesterolaemic patients. Pravastatin is absorbed
from the small intestine by the transporter OATP2B1 and subsequently transported in the liver via
OATP1B1 from where it can be exported in the bile via the enzymatic exporter MRP2. Pravastatin
can be excreted either in the urine via the kidneys or in the faeces due to incomplete absorption.
Hepatic and renal impairment could have a large impact on the pharmacokinetics of statins as
could have genetic variants of the transporters OATP2B1, OATP1B1 and MRP2.

Within this thesis the pharmacokinetics of pravastatin were analysed by developing a physio-
logically-based pharmacokinetics model based on extensive data curation of pravastatin data. The
model allows to simulate the time-concentration courses of pravastatin in various tissues and to
calculate the pharmacokinetic parameters for pravastatin. Furthermore, the model was applied
to investigate the effects of genotypes of the enzymatic transporters and hepatic and renal im-
pairment on the pharmacokinetics of pravastatin. Thus, key questions such as, how pravastatin
therapy would be affected in renal or hepatic disease, as well as how pravastatin therapy should
be adapted based on genotypes, find an answer in this work.

German

Hypercholesterolamie, d.h. ein erhohter Cholesterinspiegel im Plasma, ist ein wichtiger Risiko-
faktor fiir Herz-Kreislauf-Erkrankungen, die weltweit die haufigste Todesursache darstellen. Hy-
percholesterolamie kann mit Statinen behandelt werden, einer Medikamentenklasse, die die HMG-
CoA-Reduktase hemmt, ein wichtiges Enzym bei der Cholesterinsynthese.

Pravastatin ist ein Statin, das zur Senkung des Gesamtcholesterinspiegels und des LDL-Cholesterins,
und zur Erhéhung des HDL-Cholesterins bei Patienten mit Hypercholesterolamie eingesetzt wird.
Pravastatin wird aus dem Diinndarm {iber den Transporter OATP2B1 aufgenommen und an-
schlieend in der Leber iiber OATP1B1 transportiert, von wo aus es iiber den enzymatischen
Exporter MRP2 in die Galle exportiert werden kann. Pravastatin kann entweder mit dem Urin
iiber die Nieren oder aufgrund unvollstandiger Resorption iiber die Fekalien ausgeschieden wer-
den. Leber- und Nierenfunktionsstérungen konnen einen grofien Einfluss auf die Pharmakokinetik
von Statinen haben, ebenso wie genetische Varianten der Transporter OATP2B1, OATP1B1 und
MRP2.

Im Rahmen dieser Arbeit wurde die Pharmakokinetik von Pravastatin durch die Entwicklung eines
physiologischbasierten Pharmakokinetikmodells auf der Grundlage einer umfangreichen Datenku-
ratierung von Pravastatindaten analysiert. Das Modell ermoglicht es, die Zeit-Konzentrations-
Verldufe von Pravastatin in verschiedenen Geweben zu simulieren und die pharmakokinetischen
Parameter fiir Pravastatin zu berechnen. Dartiber hinaus wurde das Modell angewandt, um die
Auswirkungen von Genotypen der enzymatischen Transporter sowie von Leber- und Nierenfunk-
tionsstorungen auf die Pharmakokinetik von Pravastatin zu untersuchen. Somit werden in dieser
Arbeit wichtige Fragen beantwortet, z.B. wie die Pravastatinbehandlung bei Nieren- oder Leber-
erkrankungen beeinflusst wird und wie die Pravastatinbehandlung auf der Grundlage eines Geno-
typs angepasst werden sollte.



1 Introduction

1.1 Pravastatin

Statins are a class of competitive inhibitors of [3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase]

(HMG-CoA reductase), an important rate-limiting enzyme in cholesterol biosynthesis, which are

applied to lower plasma cholesterol levels. Pravastatin (IUPAC name: (3R,5R)-7-[(1S,2S,6S,8S,-

8aR)-6-hydroxy-2-methyl-8-[(2S)-2-methylbutanoyljoxy-1,2,6,7,8,8a-hexahydronaphthalen-1-yl]-3,5-
dihydroxyheptanoic acid, see figure [1)) is an anionic, hepatoselective, hydrophilic statin which re-

duces total cholesterol, [Low-density Lipoprotein Cholesterol| (LDL-C) and triglyceride levels, and

increases [High-density Lipoprotein Cholesteroll (HDL-C) in patients with hypercholesterolemia

55).

Pravastatin is water-soluble and unstable under aqueous acidic conditions. In the stomach it
is transformed to isomers and their lactonised compounds, amongst them [3’-alpha-isopravastatin|
(SQ31906) and [3’-alpha-5’-beta-6’-beta-trihydroxypravastatin| (SQ31945) 55].

Pravastatin has unique properties compared to other statins (e.g. simvastatin or lovastatin) [11]
such as enzyme affinity, metabolic properties and chemical stability .

Figure 1: Structure of pravastatin; CHEBI:63618; inchikey: TUZYXOIXSAXUGO-PZAWKZKUSA-N

Due to its high hydrophilicity and its low lipophilicity, high uptake of pravastatin exists in the
liver but not other tissues resulting in a high hepatoselective distribution . The transport
into the liver is actively carried out by [Organic Anionic Transport Polypeptide 1B1, OATP1B1
and export from the liver in the bile via[Multidrug Resistance-Associated Protein 2 MRP2. These
transporters will be further discussed in section .

Pravastatin is well-tolerated in short and long-term therapy and presents only mild clinical
adverse effects, such as headache, dizziness, skin rash, gastrointestinal as well as flu-like symptoms,
indicating that it has relatively low toxicity .

1.2 Pravastatin pharmacokinetics

The pharmacokinetics of a drug describe the changes of the drug concentration in the body after
its administration due to [Absorption, Distribution, Metabolism and Elimination| (ADME) [9]. An
overview of the processes involved in the pharmacokinetics of pravastatin is provided in figure
with the involved processed presented below.

Absorption Pravastatin shows a strong first-pass effect, i.e., after oral application a smaller
amount of the drug reaches the systemic circulation than after an intravenous application. After


https://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI:63618
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Figure 2: Overview of pravastatin pharmacokinetics, adapted from . Pravastatin is transported
through the body via the systemic circulation. After oral intake pravastatin passes through the stomach,
where it is partly degraded into its metabolites via isomerisation. The unaltered fraction of pravastatin is
subsequently transported into the intestine, where it is actively absorbed by OATP2B1 (see section |1.5.2)
from the intestinal lumen via the intestinal membrane in the blood. From here it is transported via
the portal vein to the liver, where it is actively imported by OATP1B1 (see section into the liver.
From the liver pravastatin is excreted into the bile by MRP2 (see section 7 where it undergoes
enterohepatic circulation, i.e., it is transported back to the intestine. The available pravastatin is reduced
via isomerisation in the stomach, excretion of unabsorbed amounts in the faeces, or renal excretion via the
kidneys.

oral administration the fraction absorbed is 34%, and approximately 70% of it undergoes first-pass
effect .

Pravastatin is unstable under aqueous acidic conditions. Therefore, after oral application part
of it degrades within the gastric acid, due to its biochemical instability. This leads to the drug’s oral
bioavailability to be low, as radiolabelled studies have reported “oral absorption and bioavailability
values of 34% and 17%, respectively” . Singhvi et al. reported that pravastatin has an
absolute bioavailability of 18% and an absorption time of 2.4 hours, based on urinary excretion
data [67].

A substantial fraction of pravastatin has been demonstrated to be transformed in the stomach
via non-enzymatic isomerisation. Two major pravastatin metabolites are SQ31906 and SQ31945.
In particular, 23.7% of the biotransformation profile of pravastatin is accounted for by SQ31906
1.

The unaltered fraction of an oral dose of pravastatin is only partly, yet rapidly absorbed by
the upper part of the small intestine, whereas the remaining fraction of the unabsorbed drug is
excreted into faeces further contributing to the first-pass effect 67].

As mentioned above, absorption of pravastatin occurs in the small intestine. Organic anion
transport polypeptides are transporters which catalyse the transfer of organic compounds
across the cell membrane, and are of major importance in the uptake of pravastatin. The iso-
form (encoded by gene , expressed at the apical membrane of enterocytes,
facilitates the absorption of pravastatin from the intestinal lumen into the enterocytes of the in-
testine . From the intestinal cells pravastatin is exported via the basolateral membrane in
the blood stream. OATP2B1 will be further discussed in section [[.5.2



Metabolism After absorption pravastatin reaches the liver via the portal vein where it is taken
up into the hepatocytes via OATP1B1 [29]. OATP1B1 will be further discussed in section m

In contrast to the other statins, such as simvastatin, lovastatin and atorvastatin, which are
extensively metabolised in the liver by |[Cytochrome P450| (otherwise known as CYP enzymes),
pravastatin only shows minor metabolisation. The affinity for pravastatin for CYP enzymes is
comparatively low [25]. Minor to no metabolisation of pravastatin via the isoform has
been reported [19, [39} |76} 48| [79)].

Pravastatin shows enterohepatic circulation. Enterohepatic circulation refers to the process in
which a substance, after uptake in the liver, is secreted into the bile and subsequently released back
into the intestinal lumen. In the intestine, the substance can either become reabsorbed and be
transported back to the liver, or it can be excreted into faeces. Pravastatin is excreted from the hep-
atocyte’s apical membrane into the bile via the outflow transporter multidrug resistance-associated
protein 2 (MRP2) [79] from where it is transported back to the intestine via enterohepatic circu-
lation. MRP2 will be further discussed in section [[L5.3

Elimination Pravastatin is eliminated from the body via the urine and the faeces. One of
pravastatin’s major pharmacokinetic characteristics is its dual routes of elimination, i.e., renal and
hepatic pathways [11].

Multiple studies corroborate that pravastatin is rapidly eliminated. For instance, an experiment
by Singhvi et al. showed that within 12 hours of pravastatin administration over 80% of excretion
could be traced in urine after oral or intravenous applications [67].

In addition, Pan et al. carried out a 96-hour-experiment in which oral and intravenous radiola-
belled doses were given to healthy and hypercholesterolaemic patients. After an oral dose 71% and
20% of the radioactivity where recovered in faeces and urine, respectively, for intravenous doses
34% and 60% in faeces and urine, respectively [56].

Pharmacokinetic parameters Pharmacokinetic parameters are used to measure the changes
that a drug undergoes in the body and are calculated mainly from plasma and urinary time courses.
For instance, the terminal elimination half-life of a drug is defined as the time required for plasma
concentrations of a drug to be reduced by 50% [4]. Pravastatin is rapidly eliminated from the
body because its half-life is relatively short. Pan et al. reported half-lives of pravastatin in healthy
volunteers and patients with hypercholesterolaemia between 1.3 and 2.6 hours, independently of
whether the doses were administered in a single or repeated manner [56].

The protein-binding of pravastatin is low compared to other statins which are strongly bound to
plasma proteins. After oral and intravenous routes of administration, the binding of total radioac-
tivity to plasma proteins ranged between 43% and 48% [58, [67]. According to Sigurbjornsson et
al., approximately 57% of pravastatin and 46% of SQ31906 bind to plasma proteins, independently
of time or dose [66].

The [Area Under the Curve| (AUC) is the area under the concentration time curve of a drug
after its administration. For instance, AUC is useful to determine if two forms of application, i.e.,
oral or intravenous, differ from one another in plasma exposure. For instance, Singhvi et al. report
AUC values of 66.2432.1 ng-hr/ml for pravastatin, after providing a single, 20 mg dose in form of
an oral solution [67]. In contrast, when applying a single, 10 mg intravenous dose of pravastatin,
the AUC value is 171.2+28.7 ng-hr/ml [67]. The oral dose is twice the intravenous dose, since oral
absorption of pravastatin is reported to be less than 50% [67]. The differences between oral and
intravenous application are evident in this study, showing that the AUC value after pravastatin
intravenous administration is approximately 2.58-fold higher than the AUC after oral application
of pravastatin.

[Maximum concentration| (cmax) describes the peak concentration achieved by a drug in a specific
body compartment, such as plasma. Multiple studies report similar c;,ax values after a single, oral
dosing of 40 mg pravastatin with values ranging from approximately 65 ng/ml to 70 ng/ml [39,
55, [38]. In contrast, Becquemont et al. reported a mean cpax value of 91 ng/ml, with ranges from
72 ng/ml to 200 ng/ml [3].

The elimination rate constant determines the rate at which a substance becomes eliminated
from the body. Multiple studies reported elimination rates for pravastatin [29, |39, |38, |10] with
typical values being ke = 0.560 1/hr [39] and ke = 0.513 1/hr [38].




The clearance describes the ability of the body to excrete a drug [4]. Renal clearance refers to
the process in which a drug is excreted by the kidneys. Halstenson et al. conducted a study in
which patients with various renal function received a single 20 mg oral dose of pravastatin. The
patients were categorised in four groups: Group 1 for normal renal function, group 2 for mild
renal failure, group 3 for moderate renal failure and group 4 for severe renal failure. Total and
renal pravastatin clearances for each group were measured. Halstenson et al.’s study reports a
total pravastatin clearance of 265.864+156.50 1/h for healthy subjects (group 1) [10]. For this same
study, renal clearance Clyena values were reported for each group. For renal clearance, group 1 the
reported value was 25.864+9.24 1/h [10]. The corresponding values for the groups exhibiting renal
dysfunction are provided in subsection Hepatic clearance can be calculated as Clpepatic =
Cliotal - Clienal under the assumption that no other tissues besides liver and kidney are involved
in the elimination of pravastatin. For healthy subjects this resulted in a hepatic clearance of
pravastatin of 240.00 1/h. The total, renal and hepatic clearance values for the renal impairment
groups are provided in section

The volume of distribution is a virtual volume which describes the tendency of a drug to either
circulate freely in the plasma or to distribute to other tissue compartments or bind to plasma
proteins [43]. Pravastatin is a highly hydrophilic, hepatoselective inhibitor distributed mainly in
hepatocytes [11]. Non-hepatic cells such as umbilical vascular endothelial cells, retinal pigment ep-
ithelial cells, cornea fibroblasts, granulosa cells or cerebrospinal fluid do not absorb pravastatin [11].
In addition, plasma protein binding is low compared to other statins. Consequently, pravastatin
presents a relatively low volume of distribution at steady-state of 0.46 1/kg [58, 67} |11].

1.3 Pravastatin pharmacodynamics

Pharmacodynamics is defined as the body’s response to a drug [5].

The main pharmacodynamic effect of pravastatin is to inhibit the activity of HMG-CoA reduc-
tase, the rate-limiting enzyme for cholesterol-biosynthesis. Pravastatin therapy results in reduced
plasma concentrations of total and LDL-cholesterol, as well as lower triglyceride levels and an
increase in HDL-cholesterol in patients with hypercholesterolaemia [44].

Pravastatin is a strong inhibitor of HMG-CoA reductase activity. The pravastatin metabolites
SQ31906 and SQ31945 have 2.5% to 10% potency of the parent’s drug for HMG-CoA reductase
inhibition [1].

At a daily dose of 40 mg, pravastatin plasma LDL-cholesterol levels are reduced by 30-35% [44,
58]. In addition, plasma HDL-cholesterol levels were increased between 10% and 25%, whereas
triglyceride levels were reduced between 10% and 25% [58].

Nakaya et al. conducted a study in which hypercholesterolaemic patients were divided into
three groups and were provided with either 5 mg (group 1), 20 mg (group 2), or 40 mg (group 3) of
pravastatin [46]. Total serum cholesterol was reduced by 11.1% in group 1, 18.8% in group 2 and
25.3% in group 3, the reduction being dose-dependent [46]. For LDL-cholesterol, group 1 showed
a reduction of 16.6%, group 2 of 29.1%, and group 3 of 38.5% [46]. For HDL-cholesterol, group 1
showed an increase of 7.2%, group 2 of 4.9% and group 3 of 11.8% [46].

1.4 Hepatic and renal impairment

Both the liver and the kidneys are important in the elimination of pravastatin. Consequently,
hepatic functional impairment, as well as renal functional impairment could have important effects
on pravastatin pharmacokinetics.

1.4.1 Renal impairment

[Chronic Kidney Disease] (CKD) is an illness which results in progressive renal function failure.
Kidney function can be measured using [Glomerular Filtration Rate| (GFR) and [Creatinine Clear-|
(CICr), which is an approximation of GFR, [64]. For patients with normal renal function, the
GFR amounts to 90 ml/min/1.73m? or higher, whereas in patients with various degrees of kidney
failure the GFR is significantly decreased [10].

Halstenson et al.’s study reports a total pravastatin clearance of 265.86+156.50 1/h for healthy
subjects (group 1) [10]. With increased renal impairment pravastatin clearance is reduced: For




group 2 pravastatin clearance was 15.214+5.38 1/h, 6.23+£1.49 1/h for group 3 and 2.8740.86 1/h for
group 4 [10]. These results are in agreement with the different degrees of renal impairment: the
lower the renal function, the lower the renal clearance of pravastatin. Furthermore, their study
reported fractions of pravastatin recovered in urine after 24 hours for the different groups, i.e., for
group 1 the urinary fraction recovered was 12.3 + 7.70%, 8.2 + 9.8% for group 2, 4.1 + 2.3% for
group 3 and 0.8 + 0.5% for group 4. This data will be used for fitting and comparing the urinary
data to our model’s simulation in section 3.5

Additionally, the study reported non-significant alterations in pravastatin’s pharmacokinetic
parameters AUC, ¢pax, thaif and Vq for dysfunctional kidneys [10].

1.4.2 Hepatic impairment

Hepatic impairment describes insufficient liver function, which can be caused by liver injury or liver
disease. Most advanced liver diseases result in cirrhosis, e.g. chronic hepatitis C virus infection
or [Non-Alcoholic Fatty Liver Disease] (NAFLD). Cirrhosis comprises degeneration of healthy liver
parenchyma and necrosis of hepatocytes (resulting in subsequent scarring of the liver) in combina-
tion with distortion of the hepatic vasculature [62]. This distortion subsequently shifts the portal
and arterial blood supply into the outflow hepatic vein, thus interfering in the exchange between
hepatic capillaries and hepatocytes, thus leading to reduction of liver perfusion and development
of portal hypertension, as well as end-stage liver disease [62]. Due to the portal hypertension and
changes in hepatic vasculature hepatic shunts can form which bypass part of the liver perfusion
around the organ.

The [Child-Turcotte Pugh| (CTP) scoring system is an indicator for the severity of cirrhosis.
Class A indicates good hepatic function, whereas class B demonstrates moderate hepatic function
and lastly class C signals hepatic dysfunction [75].

An important clinical question is to understand the effects of cirrhosis on the pharmacokinetics
of statins, as they may vary and present challenges when treating patients with accompanying liver
disease [79]. Hepatic impairment can exhibit a decrease in clearance of a drug, as well as an impact
on plasma protein binding, thus altering elimination and distribution mechanisms [77]. Despite
the importance of liver impairment for the elimination of pravastatin, almost no pharmacokinetics
data have been reported in advanced liver disease. One exception is in patients with cirrhosis, in
which pravastatin showed an 1.34-fold increase in cpax and a 1.52-fold-increase in AUC [79]. An
interesting observation in this context is that in patients with liver dysfunction, pravastatin’s elim-
ination via the kidneys increases, thus partly compensating for its reduced hepatic clearance [58].
To our knowledge, no clinical trial exists which systematically evaluates the effect of liver disease
on pravastatin therapy and pharmacokinetics.

1.5 Genotypes and genetic variants

Genotypes of transporters and metabolic enzymes can have a large effect on the pharmacokinetics
of drugs. For pravastatin, the genetic variants of the transporters OATP2B1, OATP1B1 and MRP2
are of interest.

OATPs facilitate the transfer of organic compounds across the cell membrane and are impor-
tant in the uptake of pravastatin. They contribute to the initial phase of elimination via the liver,
as they assist in hepatic absorption of endogenous drugs from the portal vein [71] [54].
[Anionic Transport Polypeptides belong to the superfamily of membrane solute carriers (SLC),
and are encoded by gene [Solute Carrier Organic Anion Transporter| (SLCO), a subfamily of influx
transporters within the SLC superfamily [63]. OATP2B1 and OATP1B1 are two important iso-
forms which facilitate the transport for various substrates, for instance, in the intestine and the
liver.

Most genetic variants of these transporters are due to [Single Nucleotide Polymorphismg (also
known as SNP or ’snip’). An SNP occurs when a single nucleotide at a certain position within the
DNA sequence of the gene encoding the enzyme is altered. These changes can result in changes in
enzyme activity, consequently altering transport via these enzymes.

Various SNPs have been reported in SLCO genes, which code for OATP [23]. Due to an
SNP in the SLCO gene, the function of an OATP may become reduced, enhanced or it may




remain unchanged. For example, an SNP in SLCO1B1*5 diminishes the activity of OATP1B1
to actively transfer pravastatin from the portal circulation into the liver. This leads to increased
plasma concentrations of pravastatin and thus may conclude to a higher risk of pravastatin-induced
myopathy [52]. The following subsections provide an overview over reported SNPs on the respective
transporters and their activities.

1.5.1 OATP1B1

Organic anionic transport polypeptide 1B1 is expressed by gene SLCO1B1 at the basolateral
membrane of hepatocytes [29]. As one of its substrates, pravastatin is actively transported through
the hepatocyte’s membrane via OATP1B1. This mechanism is considered as the rate-limiting step
in hepatic clearance of pravastatin |12, [29].

In SLCO1B1, differences exist for SNPs and allele frequencies between different ethnicities.
Notably, Kivisto et al. reported that 2-5% of the general population exhibit “markedly elevated
plasma pravastatin concentrations due to the SLCO1B1 polymorphism” [29]. For instance, in
approximately 40% of Europeans, as well as in circa 80% of Sub-Saharan African and East Asians,
the frequency of the 388AG (Asnl130Asp) SNP proves to be very similar. However, comparatively,
the frequency of the 521TC (Vall74Ala) SNP appears to be not as prevailing (approx. 2%) in the
Sub-Saharan population, compared to the estimate of 10-20% allelic frequency within the European
and East Asian community [23|. In turn, the allelic frequency of 521TC in the European-American
population comprises about 15%, whereas in African-Americans the frequency remains at roughly
1% [12]. The following haplotypes are relevant for the understanding of the impact on OATP1B1
and thus, on the pharmacokinetics of pravastatin, namely SLCO1B1*1a, which is the reference
sequence, *1b, *5, *15, *16 and *17 [54} |73} |52, 51} 23]. Tableprovides an overview of the effects
that these SNPs may have on OATP1B1 and the pharmacokinetics of pravastatin. The 521TC
SNP (rs4149056) is of considerable interest for the pharmacokinetics and pharmacodynamics of
not only pravastatin, but various other drugs [63] |78]. This particular SNP entails an amino acid
change, from valine to alanine, at position 174 in the protein. Thereby, the structure and function
of the protein are altered, and the transport rate of OATP1B1 decreases, thus lowering uptake of
pravastatin into the hepatocyte. Additionally, the 388AG SNP (rs2306283) is frequently observed
alongside the 512TC SNP, as it has been discovered that these two SNPs comprise four different
haplotypes: (388A - 521T) comprises the reference sequence *1la, (388G - 521T) *1b, (388A -
521C) *5 and (388G - 521C) *15 |78]. The carriers of these SNPs exhibit elevated pravastatin
plasma concentrations (up to 100% higher than non-carriers), significantly higher mean AUC
values compared to carriers of *1a or *1b, and decreased OATP1B1-regulated absorption into
hepatocytes |12} [29]. To underline the impaired function of OATP1B1 due to the 521TC SNP,
Kameyama et al. analysed [Human Embryonic Kidney cells (HEK293) expressing alleles *5, *15 or
*15 +1007CG. The results demonstrated that viax, as well as vy /Ky, were significantly reduced
compared to the reference sequence *1a [24,[63]. Ho et al. showed that the 521TC SNP was related
to increased pravastatin AUC g5y and increased cmax values, emphasising that European-American
individuals presented significantly higher values than those of African-Americans [12]. European-
Americans displayed total AUCq_5) values of 98.3460.7 ng-h/ml and total cmayx values of 53.3+33.3
ng/ml, whereas the total AUC (.5 values for African-American patients were of 69.5456.3 ng-h/ml
and 37.4+29.2 ng/ml [12]. Moreover, heterozygous carriers of SLCO1B1*1a/*15 presented 45-80%
higher AUC(g.5) values than homozygous *la and *1b carriers, respectively [12]. Furthermore,
homozygous carriers of SLCO1B1*15 exhibited an increase of 92-149% in AUC (.5 compared to
homozygous carriers of *1a and *1b, respectively [12].

The SLCO1B1*17 haplotype contains the following SNPs: -11187GA, 388AG and 521TC [50].
Carriers of this particular haplotype and its respective SNPs have previously been related to in-
creased pravastatin plasma concentrations as well as increased AUC values [50]. This suggests an
impaired function of OATP1B1, which reduces the uptake of pravastatin into the hepatocytes [50,
63]. Because of the decreased absorption of pravastatin, the inhibitory activity of the lipid-lowering
agent on HMG-CoA reductase becomes limited, thus affecting the pharmacodynamics of pravas-
tatin.




Table 1: Genetic variants of SLCO1B1. Shown in this table are genes, alleles, protein polymorphisms,
SNPs or haplotypes, as well as the possible effects on the pharmacokinetics of pravastatin. N.R. stands
for ’Not Reported’.

Gene Allele Protein SNP or Effect
polymorphism haplotype

SLCO1B1 *la Reference sequence Reference Normal function [60} 45]

sequence

SLCO1B1 *1b Asn130Asp 388AG Normal function, increased
relative bioavailability for
homozygotes and carriers of
Asn130Asp + Vall74Ala,
reduced AUC compared to
*1la |16 |45, 60]

SLCO1B1 *5 Vall74Ala 521TC Potential risk of myopathy,
increased cpax and AUC
compared to wildtype [52, |49

SLCO1B1 *15 Asn130Asp 388AG 521TC  Small inhibitory activity of

Vall74Ala pravastatin on cholesterol
biosynthesis, reduced transport
activity, increased plasma
AUC [61]

SLCO1B1 *16 Vall74Ala 521TC N.R.

SLCO1B1 *17 Vall74Ala -11187GA Impaired absorption of

521TC 388GA  pravastatin, reduced inhibitory
activity of pravastatin on
HMG-CoA reductase and
cholesterol synthesis, elevated
plasma pravastatin
concentration levels [63} |50]

1.5.2 OATP2B1

Much less information is available about OATP2B1 than OATP1B1. This enzyme is commonly ex-
pressed at the apical membrane of enterocytes |29} [65]. OATP2B1 is responsible for the absorption
of pravastatin into the enterocytes within the intestinal lumen |30, 53].

Upon studying the kinetics of pravastatin absorption, Kobayashi et al. observed a pH-dependent
pravastatin OATP2B1 uptake, stating that the absorption rate of pravastatin proves higher at a
more acidic pH-value (pH=5.0) and lower at a more basic pH-value (pH=7.4) [30]. Nozawa et al.
propose that, at an acidic pH, pravastatin is transported “with a K,,, value of the order of milimolar
concentrations”, reported as 2.25 mM at pH=5.0 for OATP2B1 [53]. This is further supported by
K, and viax values of 2.2540.94 mM and 41.6+6.4 nmol/mg-protein/10min, respectively, implying
that OATP2B1 expansively selects endogenous substrates, such as pravastatin, at a more acidic
pH-value [53].

Despite the suggestion regarding the engagement of a carrier-mediated transport mechanism [72],
and the pH-susceptible absorption of pravastatin via OATP2B1 [53, |30], the intestinal uptake of
pravastatin via OATP2B1 requires further clarification.

Whereas the SNPs of OATP1B1 have been studied thoroughly, the available information on
SNPs and the effects these SNPs have on OATP2B1 activity and the pharmacokinetics of pravas-
tatin is very limited (see table [2). SLCO2B1*2 and *3 haplotypes and their allelic frequencies

10



L]0

HEEIN



HiEin

L0



N



https://pk-db.com
https://github.com/matthiaskoenig/pravastatin-model







3 Results

Within this thesis a physiologically-based model of pravastatin was developed to study the role
of hepatic or renal impairment and genotypes on the pharmacokinetics of pravastatin. Within
this chapter the following results are presented: the curated data on pravastatin clinical studies
(Section , the development of individual tissue models which in turn constitute the whole
body model of pravastatin (section how the model was fitted (section [3.3), and how the
model performed in predicting the pharmacokinetics of pravastatin using simulation experiments
(section . The resulting model was applied to study how hepatic impairment, renal impairment
and genotypes can influence the pharmacokinetics of pravastatin (section .

3.1 Pravastatin data

Articles were selected for data curation based on literature research for publications containing
data on time-courses and pharmacokinetics of pravastatin. These articles provided the data basis
for the development of the model. Table [f] provides an overview of the studies curated within this
thesis, containing information on the applied dosing protocols, routes of administration, health
status of the study participants, genotype variants and a brief description of the study. Every
study is labelled with the corresponding PK-DB identifier, which allows direct access to the data.
Overall, fifteen studies were curated [3, |10, |12} |39, 38| |42, |45 |51} {49} |52, |55} |56, |57} 66, |67].
In addition, four existing studies from PK-DB containing pravastatin data were used for model
simulations |20} 27, 47, [70]. All data was made available as open data.
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3.2 Computational model of pravastatin
3.2.1 Physiologically based pharmacokinetic model (PBPK)

Within this work a PBPK model was developed to study the pharmacokinetics of pravastatin. The
model allows to simulate the time-courses of pravastatin in plasma and various tissues (e.g. liver,
bile, urine) and to calculate pharmacokinetic parameters for pravastatin, based on plasma concen-
trations and urinary amounts. The model was constructed in a hierarchical manner consisting of
a whole-body model coupled to tissue models of the intestine, kidney and liver. In the following
subsections, each of the individual tissue models, i.e., intestinal model (section , liver model
(section and kidney model (section are presented, followed by a more detailed expla-
nation of how the whole-body model was constructed and how it performed (section . The
overview of the whole-body model of pravastatin and the tissue models is given in figure

3.2.2 Intestinal model

After oral administration and subsequent passage through the stomach, pravastatin becomes
rapidly absorbed by the upper part of the small intestine. In the intestinal model, pravastatin
is either actively transported by OATP2B1 from the intestinal lumen via the enterocytes into the
blood stream or is excreted into faeces (unabsorbed fraction).

The fraction of the pravastatin residing in the intestinal lumen, which subsequently becomes
absorbed, is defined by the parameter F_pra_abs (see equation . The remaining pravastatin
which is not absorbed is excreted into the faeces. Thus, the percentage of the excreted pravastatin
can be calculated by subtracting the entirety of the dose minus the absorbed fraction, as seen in
equation [T4]

The irreversible uptake of pravastatin via OATP2B1 in M is modelled via Michaelis-Menten
kinetics with the key parameters for the pravastatin absorption being PRAABS Vmax and PRAABS Km,
as seen in equation [I2

PRAABS._V nax - Vgu - [pra_lumen]
([pra_-lumen] + PRAABS_K,,)

PRAABS Vmax is the maximal velocity with which pravastatin is absorbed into the liver, Vgu is
the volume compartment in the intestine, [pra-lumen] represents the pravastatin concentration
in the intestinal lumen and PRAABS Km defines the enzyme-substrate affinity between pravastatin
and OATP2BI1.

To model the effect of genotypes of OATP2B1 on the absorption of pravastatin, the parameter
F_OATP2B1 was introduced. The fraction absorbed by OATP2B1, expressed in r?;?g', is therefore
defined as:

absorption = (12)

absorptiony,,, = F_.OATP2B1 - F _pra_abs - absorption (13)

Where absorption follows by equation F_pra_abs determines the fraction of pravastatin ab-
sorbed in every round of the enterohepatic circulation, and £_0ATP2B1 allows to modify OATP2B1
enzyme function. f_0ATP2B1 was varied from 0.1 to 1.9 to systematically study the effects of
changes in OATP2BI1 activity due to genetic variants with 1.0 describing normal activity, values
< 1.0 reduced activity, and values > 1.0 increased activity.

The fraction excreted into faeces in ’21”;'2', follows as:
excretion,,, = (1 — F _pra_abs) - absorption (14)

With the parameters being analogous to the parameters in equation
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Figure 3: A) Overview body model of pravastatin. The systemic circulation connects arterial and venous
blood. Pravastatin is transported via Qre, Qki, Qha and Qin flow from the arterial blood in the various
body tissues. Blood leaving these tissues reaches the venous blood. Qki passes through the liver, where
pravastatin is excreted by the kidneys into urine. When administered orally, pravastatin is dissolved and
isomerised into its metabolites in the stomach. Once it reaches the intestine, it can either become directly
excreted into the faeces, or it can undergo absorption by the intestine, and be transported into the liver
via the portal vein. From there, pravastatin can either be transported into the venous blood through the
hepatic vein or it can be exported into the bile, where it will pass through the enterohepatic circulation
and reach the intestine anew.
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Figure 3: (Continued) When applied intravenously pravastatin is injected into venous blood, where it
will become distributed through the lung (Qlu) into the arterial blood. B) Intestinal model. Pravastatin
is absorbed by OATP2B1 and subsequently excreted in the plasma from the enterocytes. C) Liver model.
Pravastatin is taken up by hepatocyte via OATP1B1, where it inhibits the HMG-CoA reductase. Subse-
quently, pravastatin is excreted into the bile via MRP2. Pravastatin is transported via the enterohepatic
circulation back to the intestinal lumen for either reabsorption or elimination into faeces. D) Kidney model.
Pravastatin is eliminated from the kidney and is excreted into urine.

3.2.3 Kidney model

The kidney model describes the renal elimination of pravastatin in the urine by the kidneys. The

excretion of pravastatin into urine in r?nr?r(]" was modelled via mass-action kinetics by equation

excretion = f_renal_function - PRAEX _k - V ki - [pra_ext] (15)

f renal function was varied from 0.1 to 1.9 to systematically study the effects of changes in
renal function, with 1.0 describing normal kidney function, values < 1.0 reduced kidney function,
and values > 1.0 increased kidney function. PRAEX k is the rate constant describing the urinary
excretion rate of pravastatin and its metabolites, Vki is the volume of the kidney and [pra_ext]
the pravastatin concentration in plasma.

3.2.4 Liver model

The liver model describes the irreversible hepatic uptake of pravastatin via OATP1B1 and sub-
sequent elimination of pravastatin in the bile via MRP2. Pravastatin enters the hepatocyte via
OATP1B1 and is assumed not to be metabolised by the liver (minimal metabolism via CYP en-
zymes). Hepatic pravastatin can inhibit the HMG-CoA reductase in the liver (not modelled) and is
subsequently exported from the apical membrane of the hepatic cell into the bile via MRP2. Once
in the bile, pravastatin passes through the enterohepatic circulation and re-enters the intestine,
where it can become either reabsorbed or excreted into faeces.

An important factor for the import of pravastatin into the liver is the activity of OATP1B1, since
this enzyme is responsible for the active uptake of pravastatin into the hepatocytes. Analogous
to OATP2B1, OATP1B1 can contain SNPs which alter the enzyme’s activity. The parameter
f_0ATP1B1 was varied from 0.1 to 1.9 to systematically change the OATP1B1 activity thereby
allowing to simulate the effect of genetic variants.

The import of pravastatin into the liver in ™™ is defined by equation

min

PRAIM_V . - Vi - [pra_ext]
([pra_ext] + PRAIM _K,, _pra)

f _0ATP1B1 shows reduced enzyme function with values less than 1.0, and displays increased
enzyme function with values greater than 1.0 (with 1.0 as reference enzyme function). V1i describes
the volume of the liver, and [pra_ext] represents the pravastatin concentration in the hepatic
plasma. PRAIM Km pra and PRAIM Vmax are the affinity of OATP1B1 for pravastatin and the
maximal velocity, respectively.

The export of pravastatin into the bile in ™M js defined by equation

min

import,, = F_ OATP1B1 -

(16)

PRAEX.V . - Vi - [pra]

eXportpra = f.MRP2. ([pra] + PRAEX_K,,_pra)

(17)

f MRP2 shows reduced enzyme function with values less than 1.0 and displays increased enzyme
function with values greater than 1.0 (with 1.0 as reference enzyme function). V1i describes the
volume of the liver, and [pra] represents the pravastatin concentration in the liver. PRAEX Km_pra,
and PRAEX_Vmax are the affinity of OATP1B1 for pravastatin and the maximal velocity, respectively.

The enterohepatic circulation in ”Pn”;r?' was modelled via an irreversible transport of pravastatin

via mass-action kinetics from the bile into the intestinal lumen, as seen in equation [I8}
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EHC,.. = PRAEHC k- Vi - pra_bi (18)

Where V1i describes the volume of the liver, PRAEHC k describes the rate with which pravastatin
is transported within the enterohepatic circulation and pra_bi describes the pravastatin amount
in the bile.

3.2.5 Whole-body model

The developed tissue models of the intestine, liver and kidney were coupled with a whole-body
model for distribution of pravastatin via the systemic circulation. The whole-body model trans-
ports pravastatin via the blood to the various tissues. In addition, pravastatin can reach the
intestine from the liver via the bile via the enterohepatic circulation. Figure [] illustrates how
tissues and compartments are connected via blood flow in the systemic circulation, i.e., venous
blood flow and arterial blood flow, so that pravastatin is able to be distributed to various bodily
tissues and ultimately to its site of action, the liver. This overview also provides information on
the different routes pravastatin can take through the body, depending on whether administered
orally or intravenously, and the various routes with which pravastatin can be excreted (see figure
for a high level description).

Table [5| provides an overview of the main parameters of the PBPK model. The individual
models (intestine, liver and kidney), as well as the final whole-body model are available as SBML
at https://github.com/matthiaskoenig/pravastatin-model| [36].

3.2.6 Model of cirrhosis and renal impairment

Hepatic impairment (cirrhosis) Liver cirrhosis entails both intrahepatic shunts of the total
liver blood supply and hepatic tissue loss, as previously explained in section Due to these
physiological changes, a major fraction of pravastatin cannot reach the liver and the liver has a
reduced effective volume for the elimination of pravastatin. As a consequence, the pharmacokinetics
of pravastatin could be affected. To represent the impairment of the liver due to cirrhosis the model
for cirrhosis established by Kdller et al. was used [31} 32].

The fraction of blood being shunted around the liver is described via the parameter f_shunts
ranging from 0.0 to 0.9 with 0.0 corresponding to no shunting and 0.9 to 90% shunting. The
remaining blood reaching the liver is defined as 1 - f_shunts.

In addition to the intrahepatic shunts, a cirrhotic liver is characterised by loss of functional
tissue volume. The parameter f_tissue_loss was introduced ranging from 0.0 to 0.9 with 0.0
corresponding to no tissue loss due to cirrhosis and 0.9 to 90% tissue loss.

The parameter f_cirrhosis is composed of both, f_shunts and f_tissue_loss changed in
lockstep, and ranges from 0.0 to 0.9, where 0.0 represents a healthy liver with perfect hepatic
function (no shunts, no tissue loss) and 0.9 describes a severely cirrhotic liver with greatly impaired
hepatic function (90% shunts, 90% tissue loss).

Modifying this parameter allows to reproduce various degrees of hepatic function, so that
substantial differences in the pharmacokinetics of pravastatin between healthy patients and patients
with cirrhosis can be identified in the scans shown in section 3.5l The values used for the parameter
f_cirrhosis in all hepatic scans were 0.00 for the control group, 0.39 for mild cirrhosis (CTP A),
0.69 for moderate cirrhosis (CTP B) and 0.81 for severe cirrhosis (CTP C).

Renal impairment Renal impairment was simulated via the parameter KI__f _renal function
ranging from 0.1 to 1.9, and modifying the capability of the kidney to excrete pravastatin in the
urine. The parameter values for mild, moderate and severe renal impairment were calculated by
dividing the creatinine clearance of the groups with renal impairment by the creatinine clearance
in healthy subjects as reported in the study by Halstenson et al. [10]. Thus, the values used for
KI__f renal function were 1.00 for the control group, 0.69 for mild renal impairment, 0.32 for
moderate renal impairment and 0.19 for severe renal impairment.
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Figure 4: Overview of the whole-body model. Here, the individual tissue models are coupled to the
whole-body model by hierarchical composition. For a more detailed visualisation of how pravastatin can

be distributed throughout the body, see figure
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Table 5: Overview of the main parameters for the PBPK model. The parameter, as well as a brief
description thereof, its value and unit are displayed in this table. The scan parameters were used for
running the parameter scans in section [3.5] Prefixes GU, LI, and KI correspond to intestinal, liver and
kidney model, respectively.

Parameter Description Scan Value Unit
KI__f renal function parameter for kidney function 1[0.1, 1.9] -
f_cirrhosis parameter for severity of cirrhosis 0 [0, 0.9] -
LI__f OATP1B1 parameter for OATP1B1 activity 11[0.1, 1.9] -
LI__f MRP2 parameter for MRP2 activity 110.1, 1.9] -
GU__f_0ATP2B1 parameter for OATP2BI1 activity 110.1, 1.9] -
f_lumen fraction lumen of intestine - 0.9 -
BW body weight - 75 kg
HEIGHT body height - 170 cm
HR heart rate - 70 mlin
HRrest heart rate while resting - 70 mlip
COBW cardiac Output per body weight - 1.548 S'T(g
COHRI increase of cardiac output per heartbeat - 150 ml
HCT hematocrite - 0.51 -
FVgu gut fractional tissue volume - 0.0171 kig
FVki kidney fractional tissue volume - 0.0044 %5
FV1i liver fractional tissue volume - 0.0021 kig
FVlu lung fractional tissue volume - 0.0076 kig
FVve venous fractional tissue volume - 0.0514 kig
FVar arterial fractional tissue volume - 0.0257 kig
FVpo portal fractional tissue volume - 0.001 kig
FVhv hepatic venous fractional tissue volume - 0.001 kig
FQgu gut fractional tissue blood flow - 0.18 -
FQki kidney fractional tissue blood flow - 0.19 -
FQh hepatic fractional tissue blood flow - 0.215 -
FQlu lung fractional tissue blood flow - 1 -
Mr_pra Molecular weight pravastatin - 424.53 £
ti_pra injection time pravastatin - 10 s
Ri_pra rate of infusion pravastatin - 0 o
Ka_dis_pra dissolution pravastatin - 0.6042 %
F_iso_pra fraction isomerised pravastatin - 0.5 -
KI__PRAEX k rate urinary excretion pravastatin metabolites - 1.4037 mlin
LI__PRAIM_Vmax Vmax for pravastatin import via OATP1B1 - 0.6077 %n‘_)'
LI__PRAEX Vmax Vmax for pravastatin export via MRP2 - 0.0414 A
LI__PRAEX Km pra Km for pravastatin export via MRP2 - 0.01 m?ll,'f_)l
LI__PRAEHC k rate of pravastatin enterohepatic circulation - 0.2884 —
GU__F_pra_abs fraction absorbed pravastatin - 0.95 -
GU__PRAABS _Vmax Vmax for pravastatin absorption via OATP2B1 - 0.0253 mm‘?'
GU__PRAABS Km Km for pravastatin absorption via OATP2B1 - 0.01 A
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3.5 Model application

The developed PBPK model of pravastatin was applied to study the differences in pharmacokinet-
ics between healthy subjects and patients with either hepatic or renal impairment, as well as the
differences between patients with either the wildtype or a specific genetic variant of the enzymatic
transporters (OATP2B1, OATP1B1 and MRP2). Parameters corresponding to the different ques-
tions were scanned systematically and the corresponding changes in pravastatin pharmacokinetics
were evaluated.

Thus, the scans provide answers to the main questions of this thesis, namely, (i) how the genetic
variants of the transporters affect the pharmacokinetics of pravastatin, and (ii) how renal and/or
hepatic impairment impact the pharmacokinetics of pravastatin.

Hepatic impairment is often associated with renal impairment and vice versa. To account
for this hepato-renal interaction the cirrhosis scans were performed under various degrees of renal
impairment (control, mild renal impairment, moderate renal impairment, severe renal impairment).
All other scans, i.e., renal impairment and the scan of transporter activities, were performed under
various degrees of hepatic impairment (control, mild cirrhosis, moderate cirrhosis, severe cirrhosis).

All scans were performed for a single oral dose of pravastatin of 20 mg, if not stated otherwise.

3.5.1 Hepatic impairment

Figure[10[shows time-course scans of the hepatic function in patients with liver cirrhosis for various
degrees of renal impairment. The scan gradually increases the degree of severity in cirrhosis
f_cirrhosis in [0, 0.9], shown by the darkening of the blue lines. The severity of the renal
dysfunction is divided into four columns and is depicted by the green-coloured axis frames, ranging
from mild to severe insufficiency described by an increasingly darker green.

With increasing cirrhosis degree the pravastatin plasma AUC increases, urinary excretion of
pravastatin increases, plasma pravastatin increases, pravastatin in bile increases and pravastatin in
faeces decreases. The degree of liver impairment has a very strong effect on the pharmacokinetics
of pravastatin.

The main effect of accompanying renal impairment is an increase in plasma pravastatin con-
centrations. L.e., the more severe the renal impairment, and the worse the cirrhosis, the higher
the plasma pravastatin concentrations. Comparing subjects without renal impairment with severe
renal impaired shows an increase by 2.5-fold (or Acpax =~ 0.6 nM).

Interestingly, pravastatin in the urine, liver, bile and faeces, while depending strongly on the
severity of cirrhosis, are not affected much by the severity of renal impairment.
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Figure 10: Time-course scan of the hepatic function via the cirrhosis degree f_cirrhosis in [0, 0.9]
with increasing cirrhosis corresponding to darker blue tones. From left to right, the columns represent
advancing renal impairment, ranging from control to severe, as characterised by the darkening gradient in
the green-coloured axis. The rows show pravastatin concentrations and amounts in different tissues over a
time period of twenty-four hours.
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Figure 11: Pharmacokinetics parameter scan of the hepatic function via the cirrhosis degree f_cirrhosis
in [0, 0.9]. Varying degrees of renal impairment are depicted by the green solid lines. The dotted line
represents the reference value 0.0 (healthy, no cirrhosis). This figure shows pravastatin AUC, maximum
concentration, half-life, total clearance, hepatic clearance and renal clearance as functions of cirrhosis.

Figure [11] depicts the dependency on cirrhosis for the individual pharmacokinetic parameters
of pravastatin, calculated from the pravastatin time-courses in figure [I0] given various degrees of
renal impairment.

The effect of cirrhosis and renal impairment varies for the different pharmacokinetic parameters.
AUC;,¢ and cpax show a large dependency on both, the severity of cirrhosis and the severity of
the renal impairment. The worse the renal impairment and the worse the hepatic impairment,
the greater the area under the plasma pravastatin curve. A combination of hepatic and renal
impairment has additive effects. Interestingly, no effect of renal impairment can be observed in
subjects with healthy livers, only with cirrhosis the effect of renal impairment becomes apparent.

Almost no data exists in the literature for the effect of liver impairment on the pharmacokinetics
of pravastatin. One exception is the review of Wright et al., which states a 1.34-fold increase in
Cmax and a 1.52-fold-increase in AUC for pravastatin in cirrhosis (CTP class not specified), but
without referencing an actual study for this observation [79]. These observed changes are in good
agreement with the model predictions.

Total clearance and hepatic clearance are mainly affected by cirrhosis, but not renal impairment.
Hepatic clearance and consequently total clearance decrease steeply with increasing cirrhosis. In
contrast, renal clearance is greatly affected by renal impairment, but not by cirrhosis. Clearly,
if the renal function is impaired, so is the renal clearance. However, since renal clearance only
contributes about 10% to the total clearance of pravastatin, only a minor effect on total clearance
can be observed, as the liver is able to compensate for the renal impairment.

thair is neither affected much by renal impairment nor by hepatic impairment.
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Figure |13| illustrates the dependency of the pharmacokinetic parameters on the renal function
given various degrees of cirrhosis.

AUC,f and cpax show a strong dependency on the renal function given any degree of cirrhosis,
as opposed to a healthy liver, where the dependency is almost not visible. Due to the large
contribution of the liver to the total clearance of pravastatin, a strong increase in AUCi,r and ¢pax
can be observed with cirrhosis. Both AUC;,¢ and ¢y, increase with decreasing renal function due
to the decreased renal clearance. This trend could be observed in the reported pharmacokinetics
parameters of Halstenson et al., but this trend was not statistically significant.

thair sShows almost no dependency on renal function and cirrhosis with typa¢ being around 1.2
hours for most conditions. These results are in very good agreement with the data of Halstenson
et al., which reports no dependency of tna;r with renal impairment with 1.864+0.72 hr for con-
trol, 1.9240.68 hr for mild renal impairment, 1.26+0.45 hr for moderate renal impairment, and
2.07£0.77 hr for severe renal impairment.

Evidently, since cirrhosis has an impact on the liver and not the kidneys, the hepatic and
consequently the total clearance will greatly be affected by cirrhosis. With any degree of cirrhosis,
both scans for total and hepatic clearance show a very strong decrease by a factor of 6. The
renal function has only minor influence on the total and hepatic clearances, since renal clearance
only contributes about 10% to the total clearance. Absolute values of renal clearance range from
0.05 1/min under maximal renal impairment to 0.5 1/min under maximal renal function. The
renal clearance is unaffected by cirrhosis, and is only influenced by changes in kidney function via
KI__f renal function.
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Figure 13: Pharmacokinetics parameter scan of the renal function via KI__f_renal_function in [0.1, 1.9].
Varying degrees of cirrhosis are depicted by the blue solid lines. The dotted line represents the reference
value 1.0 (normal renal function). This figure shows pravastatin AUC, maximum concentration, half-life,
total clearance, hepatic clearance and renal clearance as functions of renal function.

Halstenson et al. conducted a study in which sixteen subjects with various degrees of renal
impairment received a single oral dose of pravastatin. Figure shows the comparison for the
plasma pravastatin time-course and the amount of pravastatin excreted in the urine after 24 hours
between simulation and experimental data for various degrees of renal function.
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The model predicts only a minor influence of renal impairment on plasma pravastatin concen-
trations under healthy liver condition (see above), because renal clearance contributes only around
10% to total pravastatin clearance. No clear effect of renal impairment on plasma pravastatin
concentrations can be observed in the data of Halstenson et al.. The difference between the groups
are likely due to the large intraindividual variability due to the very small sample size (n=4) per
group. In line with simulations in the model performance (section , the predicted plasma peaks
are lower then the data. In line with our simulations, no significant changes in cp.x and AUC,¢
for the plasma pravastatin concentrations were observed between the groups with different renal
function.

The panel on the right depicts the amount of pravastatin excreted into urine over twenty-
four hours. The dots represent the reported study data by Halstenson et al, and the solid lines
are the predictions performed by the model. The large error bars can be attributed to a large
intraindividual variability in the subjects, taking into consideration that each group consists of
only four individuals (no error bars were reported for the plasma data). The predicted qualitative
changes in urinary excretion of pravastatin with renal impairment are in good agreement with the
data. The study reported significant changes in recovery of pravastatin in the urine for the group
with severe renal impairment. With increasing renal impairment, the amount of pravastatin in the
urine decreases. The reported urinary excretion amounts are twice as large as the predictions of
the model.
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Figure 14: Time-course simulations of Halstenson et al.’s study. On the left, plasma pravastatin concen-
trations are given with dotted lines corresponding to the experimental data and solid lines representing
the corresponding simulations for various degrees of renal dysfunction. On the right, the simulation for
the amount of pravastatin excreted in urine for various degrees of renal impairment is depicted.

In a next step, the PBPK model prediction and Halstenson et al.’s study data in regards to
the dependency of renal clearance on renal function were compared in figure

The panel on the left represents the predicted dependency of renal clearance on renal function
described by the solid line. Renal clearance improves with better renal function, i.e., with higher
KI__f renal function values. The panel on the right depicts the renal function of each individual
in the study. Four dots correspond to one group of renal function, e.g., the four first dots represent
the group with severe renal impairment, and so forth. Here, the dots range from poor renal function
to healthy renal function. When comparing the two panels, it can be concluded that the prediction
of the model stands in very good agreement with the curated data. The model predicts an almost
linear increase of renal clearance with increasing renal function. A similar linear increase can be
observed in the data. In line with our predictions of large changes in renal clearance of pravastatin
with changes in renal function, Halstenson et al. reported significant changes in renal clearance
between the groups with different renal function.
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Figure illustrates the dependency of the pharmacokinetic parameters on the function of
OATP1B1, given various degrees of cirrhosis.

AUC;y¢ and cpax are greatly affected by any degree of cirrhosis. OATP1B1 function has a
strong effect on AUCi,¢ in the control group, ranging from 0.6 pmol/l-hr at minimal OATP1B1
function to less than 0.2 pmol/1-hr with increased OATP1B1 function. The difference in AUCax
between the control group and any group with cirrhosis is about 5-fold, given a normal OATP1B1
function of LI__f _0ATP1B1 = 1.0.

OATP1B1 function has a strong effect on cpax in the control group, ranging from 200 nM to
approximately 25 nM with improving OATP1B1 function. The difference in cyax between the
control group and any group with cirrhosis is approximately 7-fold, given a normal OATP1B1
function of LI__f 0ATP1B1 = 1.0. In contrast, tyir remains almost unchanged at around 1.2 hours,
for any group and with any value of the OATP1B1 function.

The pharmacokinetic scans for total and hepatic clearance show the impact of cirrhosis. The
control groups for both, hepatic and total clearance, show a linear increase with improving OATP1B1
function, ranging from ~ 1.5 1/min for LI__f 0ATP1B1 = 0.1 to 12 1/min for LI__f 0ATP1B1 = 1.9.
With cirrhosis present, hepatic clearance and, due to the large contribution of hepatic clearance
to total clearance, also total clearance become significantly reduced, regardless of the function
of OATP1B1. Consequently, the removal of pravastatin from the systemic circulation is strongly
impaired in cirrhosis. In contrast, the renal clearance remains unchanged at approximately 0.35
1/min in all groups and independent of the function of OATP1B1.
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Figure 17: Pharmacokinetics parameter scan of the OATP1B1 function via LI__f_0ATP1B1 in [0.1, 1.9].
Varying degrees of cirrhosis are depicted by the blue solid lines. The dotted line represents the reference
value 1.0 (normal OATP1B1 function). This figure shows pravastatin AUC, maximum concentration, half-
life, total clearance, hepatic clearance and renal clearance as functions of OATP1B1 function.
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Figure 18: Scan of the effect of OATP1B1 genotypes on the pharmacokinetics of pravastatin. Upper
panels: Comparison of the PBPK model’s simulation (left panel) and the study data reported in [42]
52| (right panel) for a 10mg single oral dose of pravastatin. Lower panels: Comparison of the PBPK
model’s simulation (left panel) and the study data reported in for a 40mg single oral dose
of pravastatin. The red lines represent reduced OATP1B1 function and the blue lines represent increased
OATP1BI1 function.

Figure analyses the effect of the OATP1B1 wildtype *1a and its genetic variants on the
pharmacokinetics of pravastatin. The upper panels illustrate the effect of the OATP1B1 geno-
types on the pharmacokinetics of pravastatin for a single oral 10 mg dose of pravastatin. For
Maeda et al’s study, OATP1B1*1a/*1a is taken as reference sequence, illustrated as a black line
in the upper right panel. The *1b genotype shows increased OATP1B1 activity and the *15 geno-
type reduced OATP1B1 activity. Consequently, compared to the wildtype OATP1B1*1a/*1a, the
OATP1B1*1b/*1b variant (blue line) has higher activity resulting in lower pravastatin plasma con-
centration and lower AUC. Relative to the OATP1B1*1b/*1b (blue), the OATP1B1*1b/*15 variant
(orange) shows decreased activity, as does OATP1B1*1a/*15 (red) relative to OATP1B1*1a/*1a
(black). As a consequence, OATP1B1*1a/*15 shows higher pravastatin plasma concentration and
higher AUC compared to the wildtype. For Nishizato et al.’s study the plasma pravastatin con-
centrations for the OATP1B1*1b/*1b (blue), OATP1B1*1b/*15 (orange) and OATP1B1*15/*15
(red) genotype were reported with plasma concentrations being twice as high for OATP1B1*15/*15
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4.3 Disease

Understanding the effects of cirrhosis on the pharmacokinetics of statins poses an important clinical
question (see section , as the pharmacokinetics may vary and present challenges when treating
patients with liver disease. The simulations of hepatic impairment have shown that with increas-
ing cirrhosis degree the pravastatin plasma AUC increases, alongside urinary excretion, plasma
pravastatin and pravastatin in the bile, whereas the amount of pravastatin in faeces decreases (see
figure [10]). Furthermore, the pharmacokinetics parameter scan of the hepatic function shows that
accompanying renal impairment does not heavily influence the pharmacokinetics of pravastatin,
with the exception of renal clearance, as illustrated by figure Surprisingly, data on pravastatin
pharmacokinetics in subjects with liver disease such as cirrhosis is very limited. Besides a 1.34-
fold increase in cpax and a 1.52-fold-increase in AUC for pravastatin in cirrhosis (CTP class not
specified) |79] which is in good agreement with our model predictions, no data on the effect of liver
disease on pravastatin pharmacokinetics could be found in our literature research. Due to the very
large effect of liver impairment on pravastatin, such research would be important.

Similarly, the time-course simulations for the effects of renal impairment on the pharmacoki-
netics of pravastatin have demonstrated that any degree of cirrhosis does heavily influence the
renal function (see figure [12)). The kidneys, i.e., the renal clearance, can partly compensate for
the impaired liver, since the total and hepatic clearances are heavily compromised by cirrhosis (see
figure . As previously mentioned in section [1.4] Halstenson et al.’s study reported about two
important things: On the one hand, non-significant alterations in pravastatin’s pharmacokinetic
parameters AUC, cpax and tpair were reported. This is corroborated by the model, as it can be seen
in figure In addition, it was stated that with increased renal dysfunction pravastatin clearance
would be reduced and vice versa. Figure [15| clearly illustrates this effect, thus reinforcing this last
statement. A major challenge for modelling renal impairment was the lack of study data reported
about renal clearance. For instance, only Halstenson et al.’s study provided a more extensive re-
search on renal clearance, with which we were able to model figures [[4] and [[5] The study data
agreed very well with the model’s simulation, which further validates the model.

In conclusion, a PBPK model that was able to predict the effects of pravastatin pharmacoki-
netics given hepatic or renal dysfunction was successfully established.

4.4 Genetic variants

Within this thesis, the genetic variants of the enzymatic transporters OATP1B1, OATP2B1 and
MRP2 were of main interest, since they can have a large effect on the pharmacokinetics of pravas-
tatin. The objective was to systematically predict the effect of changes in activity of these trans-
porters due to genetic variants. For that purpose, we modelled these changes and compared the
predictions with pravastatin pharmacokinetics data available for different genotypes. This com-
parison was possible for OATP1B1 and MRP2.

Multiple studies reported the effect of genetic variants of OATP1B1 on pravastatin pharma-
cokinetics [42, |52} [12, 45| [51} 49|, albeit more data about the wildtype was available than about
the genetic variants. Nevertheless, the curated data were in very good agreement with the model’s
simulation of different OATP1B1 genotypes (see figure , despite the sample size being relatively
small for the genetic variants. In addition, the effects on enzyme activity of the genetic variants
reported in table [1| were in line with the model simulations.

Only a single study reported on the effect of genetic variants of MRP2 on the pharmacokinetics
of pravastatin in humans [49]. In addition, Kivists et al. reported reductions of AUC and c¢pax of
approximately 70% for the ¢.1446CG SNP in rodents, and although the reduction predicted by the
PBPK model is not as pronounced, the effect of the genotype compared the the wildtype can be
clearly seen in the model’s prediction, showing an AUC and c¢yax reduction of ~ 40%. However,
it must be taken into consideration that data surrounding MRP2 in general was very limited and
consequently, large interindividual variability existed. Nevertheless, the curated data were in very
good agreement with the model’s simulation of the MRP2 wildtype compared to its genetic variant.
However, to gain a better understanding of the effect of genetic variants of MRP2 further research
is warranted.

Data about the effects of OATP2B1 genotypes on the pravastatin pharmacokinetics was not
available. Only the time-course simulations and the pharmacokinetics scans of OATP2B1 could
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5 QOutlook

The following section aims to discuss possible use cases of the present PBPK model, which could
assist in future research on the pharmacokinetics of pravastatin.

Drug-drug interactions The evaluation of drug-drug interactions between pravastatin and
other medications would be of particular interest for future research, taking into consideration the
impact that it may have on the pharmacokinetics (see also section. Especially in a population
growing older and with elderly often prescribed multiple drugs in addition to cholesterol lowering
medication via statins, the possible effects of these interactions would be important to know.

Drugs which can be combined with pravastatin are, for example, cyclosporine, boceprevir or
telaprevir [79]. These drugs inhibit OATP1B1 mediated transport, thus increasing cpax levels and
AUC values of pravastatin by 1.32-fold and 1.52-fold, respectively [79]. The increased exposure
at the site of action will result in increased inhibition of the HMG-CoA reductase and increase
the risk of possible adverse effects. When administering these substances in conjunction with
pravastatin, researchers warn that therapy should be either monitored or modified, since such
drug-drug interactions have been discovered to alter the pharmacokinetics of some statins and
significantly increase the risk of statin-related muscle injury [79} 40].

Furthermore, grapefruit juice has been reported to inhibit the uptake of pravastatin by the
high-affinity side of OATP2B1 (alongside non-significant inhibition of the low-affinity side of
OATP2B1) [65]. As a consequence, the pharmacokinetics of pravastatin are affected when con-
suming grapefruit juice during therapy.

By including the effects of drug-drug interactions in the PBPK model (e.g., by inhibiting
OATP1B1 or OATP2B1) the effect of drug-drug interaction on pravastatin could be studied. As an
important note, the current thesis already provides the predictions of these drug-drug interactions
in form of activity scans of OATP1B1, OATP2B1 and MRP2. I.e., drug-drug interaction resulting
in an activation of these transporters correspond to the respective scan results with increased
activity, drugs inhibiting these transporters (e.g. via competitive inhibition) correspond to the
respective scans with decreased activity. For instance, our model predicts lower plasma pravastatin
concentrations and AUC with inhibition of OATP2B1, resulting in a decreased bioavailability of
pravastatin due to grapefruit juice (see figure and . In line with this prediction, Lilja et
al showed a non-significant decrease in pravastatin AUC from 111.7 £+ 68.1 pmol/l-hr to 102.8 +
49.6 pmol/I'hr and a similar decrease in active HMG-CoA reductase inhibitors when comparing
placebo with grapefruit juice during 40 mg oral pravastatin [41].

Thus, predictions by the presented model would seem plausible, as a better understanding of
drug-drug interaction could be provided and, consequently, polypharmacy-therapy could be better
adapted.

Circadian rhythm Another future direction could be the application of the model to study the
possible effects of the circadian rhythm on pravastatin therapy.

Cholesterol biosynthesis follows a circadian rhythm. Consequently, pravastatin could be an
interesting drug for chronotherapy, i.e., adapting the time of application of pravastatin to optimise
the treatment effects. It is an open question whether the timing of statin administration might be
of importance for clinical outcomes [1§]. Statins are usually administered once per day without
time specifications (except simvastatin, which is recommended to be taken in the evening).

In a nine-week time period of statin administration, only low-quality evidence was reported
by Izquierdo-Palomares et al., showing no major differences between morning and evening statin
administration in total cholesterol, LDL-cholesterol, HDL-cholesterol or triglyceride levels [18].
Ultimately, they concluded that the limited and low-quality evidence indicated that no signifi-
cant differences existed between chronomodulated treatement and conventional treatment with
statins [18].

For pravastatin, Hunninghake et al. conducted an eight-week study in which the differences in
efficacy of pravastatin were compared in subjects with hypercholesterolaemia. I.e., pravastatin was
administered either once daily as (i) a single, 40 mg oral dose in the morning, (ii) in the evening,
or (iii) twice daily as a 20 mg oral dose [15].
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