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Abstract

English

Losartan is an angiotensin Il receptor antagonist commonly used in the treatment of hyperten-
sion and heart failure. Its pharmacokinetics and pharmacodynamics are in uenced by a range
of physiological and genetic factors, which may a ect therapeutic e cacy. This thesis presents

a physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) model of losartan and

its active metabolite E3174 to explore these in uences systematically. The modular SBML-based
model includes submodels for absorption, hepatic metabolism, renal excretion, and pharmacody-
namic e ects via the renin-angiotensin-aldosterone system (RAAS). Simulations were conducted
to investigate the impact of dose, hepatic and renal impairment, as well as CYP2C9 and ABCB1
polymorphisms. The model successfully reproduced observed pharmacological trends, including
a dose-dependent increase in pharmacodynamic response, likely re ecting enhanced receptor
blockade at higher systemic exposures. Hepatic dysfunction blunted the pharmacodynamic re-
sponse to losartan, whereas renal impairment reduced metabolite clearance and lead to modest
enhancement in pharmacodynamic e ect. Genetic variability in CYP2C9 signi cantly altered
E3174 formation and downstream RAAS inhibition, whereas ABCBL1 activity had only minor

e ects on systemic exposure. The model provides mechanistic insight into inter-individual vari-
ability in losartan therapy and supports its potential use in individualized dosing strategies.

Deutsch

Losartan ist ein Angiotensin-lI-Rezeptor-Antagonist, der hau g zur Behandlung von Bluthoch-
druck und Herzinsu zienz eingesetzt wird. Seine Pharmakokinetik und Pharmakodynamik wer-
den von einer Reihe physiologischer und genetischer Faktoren beein usst, die die therapeutische
Wirksamkeit beeintrachtigen kennen. In dieser Arbeit wird ein physiologisch basiertes phar-
makokinetisches/pharmakodynamisches (PBPK/PD) Modell von Losartan und seinem aktiven
Metaboliten E3174 vorgestellt, um diese Einusse systematisch zu untersuchen. Das modulare
SBML-basierte Modell umfasst Teilmodelle fur die Absorption, den hepatischen Metabolismus,
die renale Ausscheidung und die pharmakodynamischen E ekte uber das Renin-Angiotensin-
Aldosteron-System (RAAS). Es wurden Simulationen durchgefuahrt, um die Auswirkungen der
Dosis, der Leber- und Nierenschadigung sowie der CYP2C9- und ABCB1-Polymorphismen
zu untersuchen. Das Modell reproduzierte erfolgreich die beobachteten pharmakologischen
Trends, einschlie lich eines dosisabhangigen Anstiegs der pharmakodynamischen Reaktion, der
wahrscheinlich auf eine versiarkte Rezeptorblockade bei heheren systemischen Expositionen
zunsckzufshren ist. Leberfunktionsserungen schwachten die pharmakodynamische Reaktion
auf Losartan ab, wahrend Nierenfunktionss®rungen die Metaboliten-Clearance verringerten
und zu einer ma igen Verstarkung der pharmakodynamischen Wirkung fehrten. Die genetische
Variabiliat von CYP2C9 veranderte die Bildung von E3174 und die nachgeschaltete RAAS-
Hemmung erheblich, wahrend die ABCB1-Aktivilat nur geringe Auswirkungen auf die systemis-
che Exposition hatte. Das Modell bietet einen mechanistischen Einblick in die interindividuelle
Variabiliaat der Losartan-Therapie und unterstatzt seine potenzielle Verwendung in individual-
isierten Dosierungsstrategien.



1 Introduction

1.1 Blood pressure

1.1.1 Hypertension

Hypertension, or high blood pressure (140/90 mmHg or higher), is a chronic medical condition
characterized by persistently elevated pressure in the blood vessels [1]. It is a signi cant global
health concern that a ects millions of people worldwide. Hypertension is often called a "silent
killer" because many people with the condition do not experience noticeable symptoms, yet it
signi cantly increases the risk of serious health complications [1]. Risk factors for hypertension
include old age, genetics, being overweight, obese or not physically active and a unhealthy diet
(high-salt and too much alcohol) [1].

In 2019, an estimated 626 million women and 652 million men aged 30-79 years were living
with hypertension, representing a doubling of cases since 1990 [59]. This chronic condition is a
major risk factor for cardiovascular diseases, including stroke, heart disease, and renal failure,
contributing to approximately 8.5 million deaths annually [59, 22]. The prevalence of hyperten-
sion varies across regions and countries, with some nations experiencing rates exceeding 50% in
their adult populations [59]. Despite its widespread occurrence, hypertension remains a treatable
condition, with numerous e ective and relatively low-cost medications available [1]. Addressing
this global health challenge requires a dual approach: implementing primary prevention strate-
gies to reduce hypertension prevalence and enhancing treatment and control measures for those
already a ected [1]. The clinical need for e ective hypertension management is evident, as un-
controlled high blood pressure signi cantly increases the risk of cardiovascular events and organ
damage [22].

1.1.2 Renin-angiotensin-aldosterone system (RAAS)

The renin-angiotensin-aldosterone system (RAAS) is a critical regulatory mechanism in the hu-
man body, responsible for maintaining blood pressure, uid balance, and electrolyte homeostasis.
An overview of this system is depicted in Fig 1. RAAS is activated in response to low blood
pressure (e.g. due to dehydration or blood loss), low sodium levels in the blood, or sympathetic
nervous system activation during stress or exercise. These triggers stimulate the juxtaglomeru-
lar cells in the kidneys to release renin, an enzyme that initiates the RAAS cascade. Renin
cleaves angiotensinogen, a plasma protein produced by the liver. This cleaving, also described
as limited proteolysis, generates the peptide angiotensin I, an inactive precursor. Angiotensin
| travels through the bloodstream to the lungs and kidneys, where the angiotensin-converting
enzyme (ACE) converts it into angiotensin Il though another limited proteolysis step [21].

Angiotensin Il is a potent vasoconstrictor that exerts its e ects by binding to speci c types
of receptors, thus increasing blood pressure and volume in several ways. Angiotensin Il binding
to the angiotensin Il type 1 receptors (AT1 receptors), mediates most of the physiological and
pathophysiological e ects [3]. It in uences the vascular tone by narrowing the blood vessels
in systemic arterioles. It also stimulates the adrenal glands, located on top of the kidneys, to
secrete aldosterone, which acts on the kidneys to increase sodium and water reabsorption and
excrete potassium. Angiotensin |l itself also increases sodium reabsorption through increased
activity of the Na-H antiporter in the proximal convoluted tubule. Additionally it increases the
sympathetic out ow from the central nervous system and stimulates the release of vasopressin
(antidiuritic hormone, ADH) from the hypothalamus, which promotes water retention by the
kidneys [21].

Dysregulation of the RAAS, particularly through excessive activity of angiotensin Il, is im-
plicated in the pathogenesis of hypertension, heart failure, kidney damage, and various cardio-
vascular diseases.



Figure 1: Overview Renin-angiotensin-aldosterone system (RAAS).

1.1.3 Blood pressure medication

Because hypertension is a leading risk factor that in uences global morbidity and mortality, a
wide range of e ective antihypertensive medications were developed. A key therapeutic tar-
get in management of patients with essential hypertension is the renin-angiotensin-aldosterone
system (RAAS). Routinely used RAAS inhibitors are for example renin inhibitors, angiotensin-
converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs). Beta blockers
like propranolol lower plasma renin by inhibiting sympathetic stimulation, while direct renin in-
hibitors like aliskiren block renin activity itself, reducing angiotensin peptide formation [3, 48].
ACE inhibitors like ramipril block the conversion of angiotensin | to Il, lowering angiotensin

Il and aldosterone while increasing renin, but may cause side e ects like dry cough and an-
gioedema [18, 3]. Angiotensin Il receptor blockers (ARBs) with a prominent player being losar-
tan, developed in the 1990s, selectively block the AT1 receptor, preventing angiotensin Il action
regardless of its synthesis and o ering greater speci city than ACE inhibitors [8]. Other com-
mon antihypertensives using di erent pharmacological mechanisms are diuretics and calcium
channel blockers. Diuretics increase water and electrolyte excretion by inhibiting ion transport
in the nephron, while calcium channel blockers lower blood pressure by reducing calcium in ux,



leading to vasodilation and decreased cardiac activity [6, 38].

1.2 Losartan

Losartan, an orally active, non-peptide angiotensin Il receptor blocker (ARB), is widely used in
clinical practice to counteract the harmful e ects of elevated angiotensin Il levels. Losartan is
primarily used to treat hypertension and protect against related complications, such as stroke,
heart attack, and kidney damage, especially in individuals with diabetes [75]. By competitively
inhibiting the binding of angiotensin Il to the AT1 receptor, losartan e ectively reduces blood
pressure and mitigates the risk of adverse cardiovascular events. The active metabolite, E3174,
is 10- to 40-fold more potent than the parent compound, contributing substantially to its antihy-
pertensive e ect [52]. Nevertheless, losartan remains a highly potent angiotensin Il competitive
antagonist on its own and, therefore, is not considered a prodrug [52].

Figure 2: Chemical structure of (A) losartan and (B) E3174. Losartan (C22H23CINO) is the parent
compound, CHEBI:6541; InChiKey: PSIFNNKUMBGKDQ-UHFFFAOYSA-N. Its main active metabolite is
produced through oxidation of the C5-hydroxymethyl on the imidazol ring to the 5-carboxylic acid metabolite
E3174, CHEBI:74125; InChlKey: ZEUXAIYYDDCIRX-UHFFFAOYSA-N.

The drug was granted FDA approval on 14 April 1995. It is generally well-tolerated and has
a favorable safety pro le, with side e ects such as dizziness, upper respiratory infection, nasal
congestion, and back pain. It is available under various brand names, including Cozaar, and is
often prescribed as part of a broader treatment plan that includes lifestyle changes such as a
low-sodium diet and regular exercise [15].

Losartan is available as losartan potassium tablets as well as a combination tablet of losar-
tan potassium and hydrochlorothiazide, which reduces blood pressure further than either drug
given separately [24]. The available doses are 25, 50 and 100 mg tablet, with 50 mg being the
usually recommended daily dose and 100 mg the daily maximum. Losartan should be avoided
in pregnancy, as is the case with all other angiotensin-receptor antagonists [75]. With its proven
e cacy and versatility, losartan has become a cornerstone in the management of cardiovascular
and renal diseases, 0 ering signi cant bene ts to patients worldwide.

1.3 Losartan pharmacokinetics

The pharmacokinetics of a drug describe the in uence of the body on a drug after administra-
tion due to absorption, distribution, metabolism and elimination (ADME). Fig. 3 depicts an
illustration for the processes involved in the pharmacokinetics of losartan.

Absorption After oral administration, losartan is rapidly absorbed from the gut through
enterocytes into blood plasma. Peak plasma concentrations gy ) are occurring approximately 1
to 2 hours post-dose (kax ) while plasma concentrations of the active metabolite E3174 (losartan



Figure 3: Losartan pharmacokinetics The pharmacokinetics of losartan can be described through absorption,
distribution, metabolism and elimination (ADME) of the drug.

carboxylic acid) peak approximately 3 to 4 hours after administration. Losartan is a substrate of
the organic anion uptake transporter OATP2B at the apical membrane of the enterocytes [20].
Its bioavailability (fraction that reaches the systemic circulation) is relatively low, around 33 %,
due to rst-pass metabolism in the liver [52].

The rst-pass e ect describes a pharmacological phenomenon in which certain drugs un-
dergo metabolism at a speci c location in the body. Due to this, only a fraction of the dose
administered orally appears in the systemic blood circulation or at its site of action, compared
to intravenous administration. For most drugs, the liver is the main site responsible for this
e ect, but the lungs, vasculature, and gastrointestinal tract can also be the cause. The extent
of the rst-pass e ect can di er between patients [32].

The area under the plasma concentration-time curve (AUC) for E3174 is about 4 to 8-fold
greater than for losartan potassium [52, 62]. If administered with meals, the rate of absorption
and the area under the plasma concentration-time curve (AUC) of losartan and its metabolite
are decreased slightly by approximately 10% [77, 74].

Distribution and metabolism The volume of distribution V ¢4 for losartan and E3174 are
34 1 and 10 |, respectively [52, 11, 8]. These low values correspond to the substances' high serum
protein binding of 98.6 { 98.8% and 99.7%, respectively, primarily to albumin [11, 62, 57].
Losartan undergoes extensive hepatic metabolism, primarily through the cytochrome P450
isoenzymes CYP2C9 and CYP3A4, resulting in the formation of an active carboxylic acid
metabolite, E3174, and several other inactive metabolites. Among these enzymes, the CYP2C9
is the dominant metabolic pathway of losartan. The isoenzyme CYP3A4 is only involved in
losartan clearance at supraphysiological concentrations [89]. Losartan is converted in human
liver microsomes in a two-step oxidation involving a slow rst step (oxidation to aldehyde in-
termediate E3179) and then a rapid second step (oxidation to carboxylic acid E3174) [94, 80,
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79]. After oral administration, approximately 14% of a losartan dose is converted to E3174 [52].
Depending on the CYP2C9 genotype, the enzyme for metabolism can be de cient (Sec. 1.6).

A minor losartan metabolite sometimes referred to as L158 [14] has been identi ed in human
plasma and urine, though its biosynthetic origin remains unclear. Evidence suggests it may arise
from glucuronidation of E3174 (or possibly losartan itself) via UDP-glucuronosyltransferases
(UGTSs) [2]. Although the speci ¢ structure and kinetics of L158 remain to be fully characterized,
its presence underscores the role of UGT-mediated metabolism in losartan clearance.

Elimination The pharmacokinetic pro le of losartan is characterized by a biphasic elimination
process, with a terminal half-life (t1-,) of about 2 hours for losartan and 4 to 6 hours for
E3174 [52, 62]. Both losartan and its metabolite are excreted through urine and feces, with the
renal route accounting for approximately 35% - 44% and the fecal route for approximately 65%
of the elimination [14, 15]. Less than 5% of a losartan potassium dose is excreted unchanged
renally in patients with normal renal function [74]. Renal clearance is 4.3 to 5.6 L/h for losartan
potassium 50 mg and about 1.5 L/h for its metabolite [14, 15].

1.4 Losartan pharmacodynamics

Pharmacodynamics refer to the biochemical and physiological e ects of a drug on the body, in-
cluding the mechanisms underlying these e ects. Losartan exerts its pharmacodynamic e ects
mainly through modulation of the renin{angiotensin{aldosterone system (RAAS). Losartan's
primary mechanism of action involves the selective blocking of the angiotensin Il type 1 (AT1)
receptor. The activation of AT1 receptors on various tissues leads to vasoconstriction, aldos-
terone secretion, sodium and water retention and sympathetic nervous system stimulation. By
blocking this receptor, losartan prevents angiotensin Il from exerting its e ects, leading to
vasodilation, reduced systemic vascular resistance, reduced blood pressure, and decreased aldos-
terone levels. This action reduces sodium and water retention, contributing to further decreases
in blood pressure.

As mentioned above, suppression of aldosterone secretion is an important pharmacodynamic
consequence of AT1 receptor blockade. In the adrenal cortex's glomerulosa zone, aldosterone
is synthesized from cholesterol through enzymatic steps, with aldosterone synthase converting
corticosterone to aldosterone in the nal stage [87]. Normally, angiotensin Il binding to AT1
receptors stimulates the expression of CYP11B2, the aldosterone synthase coding gene [70].
Angiotensin Il is thought to in uence this synthesis through multiple pathways, like modulation
of intracelluar calcium concentration [70] and activation of NAPDH oxidase activity in the
mitochondria [66]. Losartan is supressing these e ects, leading to reduced aldosterone levels
and thus decreased sodium reabsorption and water retention in the distal nephron.

Blockade of AT1 receptors also disrupts the negative feedback loop that normally inhibits
renin secretion. Though there is no evidence for a direct negative feedback function of an-
giotensin Il on renin production [60], ndings still demonstrate a strong negative e ect [39].
Current studies theorise a baroreceptor mechanism responsible for this phenomenon [58]. Losar-
tan administration is associated with increased plasma renin activity and consequently elevated
concentrations of both angiotensin | and angiotensin Il. Since losartan does not inhibit ACE, the
conversion of angiotensin | to angiotensin Il proceeds unimpeded, but the biological e ects of
angiotensin Il are largely neutralized at the AT1 receptor level. The AT1 receptor selectivity is a
key aspect of losartan's pharmacodynamics, distinguishing it from other antihypertensive agents
that a ect the RAAS more broadly, such as angiotensin-converting enzyme (ACE) inhibitors.

Losartan also indirectly enhances the e ects of angiotensin Il on the unblocked AT2 receptors,
which are thought to mediate vasodilatory e ects [Gigante1998 1.



1.5 Hepatic and renal impairment

Hepatic impairment Hepatic impairment refers to the reduced functional capacity of the
liver due to acute or chronic liver diseases, such as cirrhosis, an advanced stage of liver disease.
The liver plays a critical role in drug metabolism and detoxi cation, and its dysfunction can
signi cantly alter the pharmacokinetics of many drugs by a ecting their pharmacokinetics. To
assess the severity of liver dysfunction, clinicians commonly use the Child-Pugh-Turcotte (CPT)
scoring system. This system classi es hepatic impairment into three categories based on the ve
clinical and laboratory parameters. The three categories are: Class A (5{6 points) mild hepatic
impairment, class B (7{9 points) moderate hepatic impairment and class C (10{15 points) severe
hepatic impairment (as shown in Fig. 4).

Figure 4: Impairment strength in liver dysfunction. Hepatic impairment can signi cantly a ect drug
metabolism and excretion. Hepatic impairment is commonly assessed using the Child-Turcotte-Pugh (CTP)
score, which classi es liver function based on clinical and laboratory markers.

Losartan is primarily metabolized in the liver by CYP2C9 into its active metabolite, E3174.
In patients with stable alcoholic cirrhosis, the total plasma clearance of losartan is reduced by ap-
proximately 50%, leading to a 4- to 5-fold increase in plasma concentrations compared to healthy
individuals [55, 75]. Additionally, the oral bioavailability of losartan is nearly doubled [75]. De-
spite these changes, the conversion of losartan to its active metabolite (E3174) after intravenous
administration remains similar between cirrhotic patients (7.6% { 16.8%) and healthy subjects
(8.2% { 17.7%) [55]. The pharmacokinetics of E3174 are slightly altered in cirrhotic patients,
resulting in a 1.5- to 2-fold increase in its plasma concentration. These ndings indicate that
hepatic impairment, particularly cirrhosis, leads to elevated plasma concentrations of losartan,
justifying lower starting doses in a ected patients. This dose adjustment is especially important
in heart failure, where liver dysfunction often coexists and sensitivity to RAAS inhibition is
increased [88, 37].

Renal impairment Renal impairment refers to a reduction in kidney function, which can
range from mild dysfunction to complete renal failure. This condition impairs the kidneys'
ability to Iter waste products, regulate uid and electrolyte balance, and eliminate drugs and
their metabolites. Renal impairment is commonly evaluated through clinical measures such as
glomerular ltration rate (GFR), serum creatinine levels, and creatinine clearance (CrCl). It
can be categorized into stages based on severity, from mild (Stage 1{2) to end-stage renal disease
(Stage 5).

In patients with renal impairment, the renal clearance of losartan and its active metabolite
is reduced, yet E3174 plasma levels generally remain unchanged [74]. In acute renal failure,
losartan clearance may decrease further, possibly due to inhibited hepatic metabolism from ac-



Figure 5: Impairment strength in kidney dysfunction. Renal impairment can signi cantly a ect drug
metabolism and excretion. Renal impairment is assessed using the glomerular ltration rate (GFR), with reduced
GFR indicating reduced renal function and drug clearance.

cumulated uremic toxins [93]. In chronic renal failure (CRF), key pharmacokinetic parameters
like Cmax, Tmax, and AUCq 24 for losartan and E3174 remain similar to those in healthy in-
dividuals [75]. Although about 35-44% of E3174 is renally cleared, its AUC does not increase
in CRF, suggesting compensatory changes in absorption, conversion, or hepatic clearance [74,
63, 73]. In dialysis patients, losartan levels rise but E3174 does not, as neither compound is
dialyzable, so post-dialysis supplementation is unnecessary [63, 73]. While no strict dose adjust-
ment is required based on renal function alone, caution is advised in moderate to severe renal
dysfunction, considering diet, co-medications, and diuretic use [55].

1.6 Genotypes and genetic variants

ABCB1 The ATP Binding Cassette Subfamily B Member 1 (ABCB1) gene encodes the P-
glycoprotein (P-gp) e ux transporter, also known as multidrug resistance protein 1 (MDR1),
which plays a crucial role in drug disposition and pharmacokinetics [25, 33]. This transporter is
involved in the e ux of various drugs, including losartan [25]. P-gp is expressed in a polarized
manner (apical) in the plasma membrane of cells in barrier and elimination organs e.g. intestinal
epithelium, proximal renal tubular system and blood brain barrier, where it has protective and
excretory functions [7].

Genetic polymorphisms in the ABCB1 gene have been associated with variations in losartan
pharmacokinetics. The 2677G T and 3435C> T polymorphisms, in particular, have been shown
to a ect expression and function of the MDR1 [72] and could therefore a ect the hypotensive
response to losartan. Patients with the CT or TT genotype at the 3435C> T locus demonstrated
a signi cantly higher mean decrease in systolic blood pressure compared to those with the
CC genotype [25]. Some studies suggest that the ABCB1 ¢.267%Gl/¢c.3435C> T diplotype
may increase the early-phase absorption of losartan, although it does not appear to a ect the
total absorption [72]. However, the in uence of ABCB1 polymorphisms on losartan disposition
remains controversial, with some research indicating that the 3435€ T polymorphism does not
signi cantly impact losartan pharmacokinetics [31, 91].

Cytochrome P450 2C9 (CYP2C9) The most important drug-metabolizing enzymes belong

to the cytochrome P450 superfamily, including the three families CYP1, CYP2 and CYP3, which
are the major contributors to the oxidative metabolism of many drugs [95]. Nonsynonymous
single-nucleotide polymorphisms (SNPs) are the most common genetic mutation in human CYP
genes, as they cause amino acid changes in the coding region of the corresponding CYP [95]. The
genetic variants occur at di erent frequencies and are phenotypically ethnicity depended [10].
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Tab. 1 and Fig. 6 contain information and frequencies for genetic variants reported to in uence
losartan pharmacokinetics.

Table 1: Information about CYP2C9 genetic variants. Data from PharmGKB [23].

Category *1 *2 *3 *13
Nucleotide change (PharmVar) Wild type 3608C >T 42614A>C 3276T>C
E ect on protein (NP _000762.2) Wwild type p.R144C (Argl44Cys)  p.I359L (lle359Leu) p.L90P (Leu90Pro)
Position at NC ~ _000010.11 (GRCh38.p2) Reference 0.94942290C T g.94981296A> C 0.94941958T> C
Position at NG _008385.2 (RefSeqGene) Reference g.9133C T g.48139A>C 9.8801T>C
rsiD Reference rs1799853 rs1057910 rs72558187
CYP2C9 allele nucleotide Reference T C C
Function impact Normal function Decreased function No function No function
*1 87.1 91.2 77.2 91.5 79.3 86.3 78.2 95.5 72.6
*2 2.2 3.3 114 0.2 12.7 7.6 13.0 2.9 1.3
*3 1.4 3.0 11.0 3.8 7.6 4.0 8.3 1.6 1.1
*13 0.0 - - 0.3 - - 0.0
Other 9.3 25 0.4 4.2 0.4 21 0.6 0.0 25.0
Figure 6: CYP2C9 allele frequencies across di erent biogeographical populations. Data were obtained

from PharmGKB CYP2C9 information Tab. [23].

Losartan is metabolised through the CYP system in the liver, mainly by CYP2C9 but also
CYP3A4 (only at very high losartan concentrations). The CYP2C9 gene is located on the long
arm of chromosome 10 and encodes a protein of 490 amino acids [69]. CYP2C9 makes up about
20% of hepatic CYP content and metabolizes over 100 clinical drugs [56]. More than 33 alleles
have been identi ed [95]. The wild type allele is depicted as *1 and the most studied alleles
are *2 and *3. The allele *2 is produced by an missense mutation of 3608CT causing the
substitution of R144C (Arg to Cys transversion) [67]. The allele *3 is a missense mutation of
42614A> C on exon 7 that leads to an 1359L substitution (lle to Leu). The allele *13, a 32767 C
mutation causing a L90P substitution (Leu to Pro) was also reported in the context of losartan
metabolism [51]. In Europeans, the reported prevalence of the CYP2C9 *1, *2, and *3 alleles
are 79%, 12.7%, and 7.5%, respectively [56]. There is no data on *13 prevalence in European
subjects. Although combinations of the wild-type allele with the respective polymorphisms are
most common, homozygous combinations of *2 or *3, as well as the heterozygous combination
of *2 and *3, are observed at frequencies below 2% [83].

Due to these polymorphisms, the activity of CYP2C9 varies up to 10-fold in humans [74].
The oxidation rate of losartan was found to be reduced in liver microsomes from individuals
who were heterozygous or homozygous for the CYP2C9 *3 allele, as well as in those homozy-
gous for the CYP2C9*2 allele [90]. A signi cantly higher plasma AUC gsartan /AUC g3174 ratio
was observed in individuals homozygous for the CYP2C9*2 or *3 alleles compared to those with
the CYP2C9*1 allele, with approximately 4-fold and 30-fold increases, respectively [52]. Simi-
larly elevated ratios were also reported in individuals with CYP2C9*1/*3 and *2/*3 genotypes
following a single oral dose of losartan. Carriers of the CYP2C9*3 allele exhibited markedly
reduced levels of E3174, with homozygotes converting less than 1% of the administered dose
into E3174 [92]. Moreover, individuals homozygous or heterozygous for the CYP2C9*3 allele
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had a substantially lower E3174 AUC (7{50%) compared to those with the wild-type genotype.
The *1/*3 genotype has been linked to a diminished response to losartan treatment, indicated
by higher blood pressure levels [71]. Individuals with the CYP2C9*1/*3 genotype exhibited a
1.6-fold increase in losartan AUC compared to those with the wild-type allele [71]. Similarly,
subjects with the CYP2C9*1/*2 genotype showed a 3.0-fold higher losartan AUC than the wild

type [19].

1.7 Physiologically-based pharmacokinetic/ pharmacodynamic (PBPK/PD)
model

A physiologically-based pharmacokinetic/ pharmacodynamic (PBPK/PD) model allows to sim-
ulate and predict the pharmacokinetics of a substance and the respective pharmacodynamic
response in the human body. These models are constructed using a system of coupled ordi-
nary di erential equations (ODESs) to describe the absorption, distribution, metabolism, and
elimination (ADME) of a drug. By integrating physiological, pharmacokinetic, and biochemical
parameters, PBPK models enable detailed descriptions of the compartments within the body
and the transport of substances through the systemic circulation. In combination with a phar-
macodynamic model (PD), the e ect pro le and optimal dosage of a drug can be predicted in
order to achieve the desired exposure.

The de ned compartments in a PBPK/PD model represent various organs or tissues that
include parameters for metabolites, tissue volumes, reactions, and ow rates. Physiological
processes are incorporated, allowing for precise predictions of ADME.

These models serve as useful tools for studying medical questions, testing hypothesies
silico, and predicting the pharmacokinetics of both established and novel drugs. PBPK/PD
modeling has applications in exploring the impact of physiological changes or disease conditions
| such as varying degrees of drug dosing, cirrhosis or renal failure | on drug behavior. It can
also be used for metabolic phenotyping with test compounds, assessing how minor changes, such
as variations in enzyme genotypes, a ect an entire system.

1.8 Question, scope and hypotheses

Within this project the e ects of di erent dosing, genetic variants (genotypes) of key proteins

involved in losartan metabolism and hepatic and renal impairment on losartan pharmacoki-
netics and pharmacodynamics were studied utilizing computational modelling. Speci cally, a
physiological-based pharmacokinetic/ pharmacodynamic (PBPK/PD) model of losartan was
developed to systematically analyse the following questions:

" What are the e ects of di erent administered doses of losartan on its pharmacokinetics
and pharmacodynamics?

" What are the e ects of genetic variants of CYP2C9 or ABCB1 genotypes on losartan
pharmacokinetics and pharmacodynamics?

" What are the e ects of renal or hepatic impairment on losartan pharmacokinetics and
pharmacodynamics?

The objective is to improve our understanding of the underlying causes of inter-individual vari-
ability in blood pressure regulation through ARBs such as losartan, which could be used further
to optimize treatment strategies and improve patient outcomes.
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2 Methods

Within this work the following methods were used: systematic literature search for losartan
(Sec. 2.1), data curation of clinical studies (Sec. 2.2), parameter optimisation of model parame-
ters using clinical data (Sec. 2.4), and calculation of pharmacokinetic parameters (Sec. 2.5).

2.1 Systematic literature research

A systematic literature search was conducted to select studies that included data on the phar-
macokinetics of losartan. PubMed was searched using the keywordssartan AND pharmaco-
kinetics and PKPDAI [28], a website for searching pharmacokinetic literature, usinglosartan

on 2024-08-27. Based on the search an initial literature corpus on the pharmacokinetics of losar-
tan was generated. Available PDFs were retrieved for the literature. Articles on clinical trials of
losartan with su cient PK/PD data were selected based on pre-speci ed inclusion criteria. In
addition to healthy subjects, trials in patients with renal and hepatic impairment were included,
as well as studies including CYP2C9 data. Studies in animals, paediatric or other unsuitable
patients (e.g. severely impaired or single subject), as well as reviews and computational models
were excluded. Furthermore, studies containing only PD data, cocktail or combination drug
application were ruled out. Due to the abundance of studies reporting similar pharmacokinetic
data, redundant information was omitted to keep the project within a manageable timeframe.
In addition, the literature was searched forin vitro studies to determine kinetic parameters and
enzyme kinetic information.

2.2 Data curation

Data from the selected literature were curated and uploaded to the open pharmacokinetics
database PK-DB [29]. The articles were screened for patient information such as age, sex,
speci ¢ diseases and drugs, losartan dosing protocol and losartan pharmacokinetic or pharma-
codynamic pro les. These data were then curated using standard protocols for pharmacokinetic
information [29]. Data from gures were digitised using WebPlotDigitizer [68]. Data from tables
and textual descriptions were also curated in a speci ¢ format as described in [29].

Data were systematically curated according to the following structure: (i) Groups: Patient
groups were entered into the database with relevant group characteristics such as age, height,
weight, sex and ethnicity. Information on CYP2C9 genotype, renal or hepatic impairment and
other diseases was coded. (ii) Individuals: For some trials, individual patient characteristics
were reported. Information on individual subject characteristics was recorded in the same way
as for the groups. (iii) Interventions: In each trial, losartan was given to patients either as
an oral dose in the form of a tablet or capsule, or as an intravenous dose in the form of a
solution. Information on dose, time of administration (if multiple doses were administered),
and route of administration were recorded. (iv) Time course data: In each study, the authors
reported a number of di erent parameters. The main data of interest were the time courses
of concentrations and amounts of losartan or its metabolite losartan carboxylic acid in plasma
and urine. (v) Pharmacokinetic/pharmacodynamic data: In addition, many studies reported
pharmacokinetic parameters such as Gax, Tmax and T4 and pharmacodynamic parameters
such as renin, aldosterone, and angiotensin | / Il concentrations, systolic and diastolic blood
pressure, and heart rate.

The extensive heterogeneous data set provided the database for model development and
validation. All data are available in PK-DB ( https://pk-db.com ) [29] with an overview of the
curated studies in Tab. 2.
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2.3 Computational model

The PBPK and tissue models were developed in the Systems Biology Markup Language (SBML)
[36, 40]. The libraries sbmlutils [46] and cy3sbml [47] were used for the programmatic manip-
ulation and visualisation of the models. The models are ordinary di erential equation (ODE)
models solved numerically using sbmisim [45] based on the high performance SBML simula-
tor libroadrunner [78, 86]. The model is made available in SBML under a CC-BY 4.0 licence
with all model equations from https://github.com/matthiaskoenig/losartan-model . The
version of the model used in this thesis is 0.7.0 [84].

The developed PBPK/PD model consists of a whole-body model linking sub-models for the
intestine, kidney, liver and RAAS via the systemic circulation (Fig. 8).

Hepatic functional impairment Liver impairment was modelled as a gradual increase in
cirrhosis by scaling liver function with the parameter f _cirrhosis from 0.0 (no cirrhosis) to
0.95 (critical cirrhosis). The cirrhosis implementation is based on a recent indocyanine green
model of cirrhosis [43, 44] with parameters for mild (0.40), moderate (0.70) and severe cirrhosis
(0.81) corresponding to the Child-Pugh-Turette classes CPT A, CPT B and CPT C respectively.
The original system given by Child and Turcotte had ve criteria to categorise patients: serum
bilirubin, serum albumin, ascites, neurological disorder and clinical nutritional status [9]. It was
later modi ed by Pugh, who replaced clinical nutritional status with prothrombin time [64].
Cirrhosis is modelled as a combination of a reduction in functional liver volume and shunting of
blood around the liver, both of which lead to a reduction in liver function.

Renal functional impairment Renal impairment was modelled as a progressive decline
in renal function by scaling all renal processes with the factorf _renal _function , where 1.0
represents normal function and <1.0: reduced renal function. The cut-o s for the di erent stages
of renal impairment were based on the international KDIGO guidelines [81] with mild renal
impairment (0.69), moderate renal impairment (0.32) and severe renal impairment (0.19) [54].

CYP2C9 The genetic variability in CYP2C9 allele activity was modeled using allele-speci ¢
scaling factors obtained from in vitro data [53, 49, 85]. The activities of the *2, *3 and *13 alleles
were scaled relative to the wild-type allele (*1) with values of 0.6, 0.17 and 0.05, respectively.
Genotype-speci ¢ activities were calculated as the average of the two alleles, producing scaling
factors of 1 (*1/*1), 0.8 (*1/*2), 0.585 (*1/*3), 0.525 (*1/*13), 0.6 (*2/*2), 0.385 (*2/*3) and

0.17 (*3/*3).

ABCB1 The Genetic variability in ABCB1 allele activity in exon 21 (¢c.2677 G or c.2677 T)
and exon 26 (¢.3435 C or ¢.3435 T) was modeled using allele-speci ¢ scaling factors obtained
from in vitro data [34, 76]. The activities of the ¢.2677 G, ¢.2677 T, ¢.3435 C, ¢.3435 T alleles
were scaled relative to the wild-type allele (c.2677 G and ¢.3435 C) with values of 1.0, 0.122,
1.0 and 0.49 respectively. Genotype-speci ¢ activities were calculated as the average of the
two alleles of both exons, producing scaling factors of 1.0 (GG/CC), 0.653 (GT/CT) and 0.306
(TT/TT).

2.4 Parameter optimization

Parameter tting was used to minimise the distance between experimental data and model pre-
dictions by optimising a subset of twelfth parameters of the model. For this purpose, a subset of
curated time curves from healthy subjects, as well as subjects with hepatic or renal impairment
after single or multiple dose application was used, as listed in Tab. 2. Parameters were optimised
in a multistep process. First, model parameters a ecting losartan pharmacokinetics were opti-
mised. Next, parameters for the pharmacodynamics of losartan were optimised. This strategy

14



allowed to rst optimize the pharmacokinetic model and subsequently the pharmacodynamic
model.

The cost function, which depends on the parametems, minimised the sum of the quadratic
weighted residualsr;x for all time coursesk and data points i. Time courses were weighted
by the number of participants in each study ny and individual time points with the standard
deviation ;i associated with the measurement, resulting in weightsvix = ng= .

X
F(®=05 (Wi rix(®)?
ik
Multiple optimisation runs (n=100) were performed with di erent initial parameters based on
a local optimiser, with the optimal parameters used in the nal model. The tted parameters
are shown in Tab. For validation, all data after multiple applications, disease states, CES1
activity other than wild-type were used.

2.5 Pharmacokinetic/ pharmacodynamic parameters

Pharmacokinetic parameters of losartan, E3174 and L158 were calculated from plasma concen-
tration time curves, urinary and fecal excretion using standard non-compartmental methods.
The elimination rate kg [1/min] was calculated by linear regression in logarithmic space in the
decay phase. The area under the curve AUC [mmolenin/L] was calculated using the trapezoidal
rule and extrapolated to in nity by linear interpolation. Apparent clearance CI [ml/min] was
calculated asCI=F = k¢ Vg with apparent volume of distribution Vyg=F = D=(AUC1 Kg). D
is the applied dose of losartan.

For the pharmacodynamic readouts of the RAAS system the respective maximal and minimal
values were calculated.
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3 Results

3.1 Losartan data

Clinical studies on the pharmacokinetics of losartan were identi ed through systematic litera-
ture research. Searches conducted on PKPDAI and PubMed resulted in 191 and 681 studies,
respectively. Additionally, 68 studies were identi ed through manual literature searches. After
removing duplicates, a total of 745 studies were identi ed, as illustrated in Fig. 7. Among these,
561 studies had a full-text availability.

Figure 7: PRISMA ow diagram Overview of data selection for the pharmacokinetics/ pharmacodynamics
dataset of losartan established in this work. PubMed, PKPDAI, and manual searches were used for the literature
search on the pharmacokinetics of losartan. Application of the eligibility criteria resulted in 21 studies, which
were curated for this work.

In order to meet the project's time limitations, only articles explicitly mentioning losartan phar-
macokinetic data | preferably related to CYP2C9 and/or ABCB1 genotypes or renal/hepatic
impairment | in their titles were selected for screening, leading to the exclusion of 368 arti-
cles. Subsequently, 193 articles were assessed in full text, and 67 of these studies contained
primary pharmacokinetic and/or pharmacodynamic data from human subjects. Additional ex-
clusions were made based on prede ned eligibility criteria, such as the absence of time-course
data, unsuitable subjects (e.g. severely impaired or single subject), cocktail or combination drug
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application or repetitive study designs involving a single oral dose of 50 or 100 mg of losartan.
The latter were classi ed as "redundant PK data" in Fig. 7, and mainly cut out due to time
constraints. Ultimately, 21 studies meeting all criteria were selected and curated for PBPK
model development.

Table 2: Summary of studies for modeling. Overview of study identi ers, PK-DB IDs, administred sub-
stance and administration route, dosing regimens, doses [mg], and subject characteristics, including health status,
renal functional impairment ( RFI ), hepatic functional impairment ( HFI ), and the studied genotypes (CYP2C9,
ABCBL1).

Study PK-DB Substance Route Dosing Dose Healthy RFI HFI  CYP2C9 ABCB1
[mg]
Bae2011 [5] PKDBO00895 losartan po single 50 3 3
potassium
Donzelli2014 [13] PKDBO00953 losartan po single 12.5 3 3
FDA1995S60 [16] PKDB00965 C14 losar- poliv, single  100/30, 3
tan, e3174 v 20
FDA1995S67 [17] PKDBO00966 losartan, poliv, single 50/10, 3
e3174 iv 10
Fischer2002 [19] PKDB00894 losartan po multi 50 3 3
Han2009a [30] PKDBO00909 losartan po single 50 3 3
potassium
Huang2021 [35] PKDB00919 losartan po single 50 3 3
potassium
Kim2016 [41] PKDB00896 losartan po single 50 3
Kobayashi2008 PKDB00920 losartan po single 25 3
[42] potassium
Lee2003b [50] PKDBO00899 losartan po single 50 3 3
potassium
Li2009 [51] PKDB00912 losartan po single 50 3 3
L01995 [52] PKDB00922 losartan poliv single 50, 3
potassium, 100/20,
e3174 30
Munafo1992 [57] PKDB00921 losartan po single 40, 80, 3
120
0Oh2012 [61] PKDBO00054 losartan po single 2 3
Ohtawal993 [62] PKDB00911 losartan po single, 25, 50, 3
multi 100,
200
Puris2019 [65] PKDBO00642 losartan po single 125
potassium
Sekino2003 [71] PKDB00961 losartan po single 25 3 3
Shin2020 [72] PKDBO00898 losartan po single 50 3 3
potassium
Sical995 [74] PKDB00910 losartan po multi 100 3
Tanaka2014 [82] PKDB00136 losartan po single 50 3
Yasar2002a [92] PKDBO00897 losartan po single 50 3 3

3.2 Computational model
3.2.1 Model overview

A PBPK/PD model was developed based on curated study data to simulate the pharmacokinet-
ics and pharmacodynamics of losartan. The whole-body framework integrates systemic circula-
tion with submodels of key organs involved in losartan metabolism, including the gastrointestinal
tract, liver, and kidneys, along with a RAAS model, as illustrated in Fig. 8.

By combining these components, the model enables simulations that capture both local pro-
cesses and their interactions within the broader circulatory system. It supports the calculation
of pharmacokinetic and pharmacodynamic parameters and provides time-course simulations of
losartan, its active metabolite E3174, and relevant RAAS biomarkers | such as renin, an-
giotensin I, and aldosterone | in compartments like plasma, urine, and feces, as well as the
resulting blood pressure response.

This comprehensive model also allows for simulation under various physiological and patho-
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