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Abstract

Renal elimination is a major route of drug clearance, influencing exposure and therapeutic
outcomes, especially in patients with impaired kidney function. This cumulative dissertation
aims to improve the evaluation of renal drug elimination by optimizing iohexol-based
methods for measuring glomerular filtration rate (GFR) and examining the role of kidney

transporters.

Three complementary studies were conducted. The first evaluated simplified methods to
estimate iohexol clearance from blood samples. Using correction formulas in one- and two-
compartment pharmacokinetic (PK) models, reliable GFR estimates were achieved. Both
approaches showed acceptable performance, offering practical alternatives to complex

models in clinical settings.

The second study assessed the PK and transporter involvement of a reduced iohexol dose
(259 mg). Results confirmed iohexol is cleared solely by glomerular filtration, with no
significant transporter interaction. Its predictable and dose-proportional PK support its use as

a safe and reliable GFR marker, even in patients with kidney impairment.

The third study used population PK modeling to explore adefovir disposition, a substrate of
the renal organic anion transporter (OAT) 1, within a transporter probe cocktail. Co-
administration slightly increased adefovir exposure, likely due to altered absorption rather
than transporter interaction. Renal clearance (CLr) was unaffected, and no saturation of
OAT1-mediated elimination was observed. Adefovir CLg is thus a suitable marker of OAT1

activity.

Together, these studies offer practical tools and insights for assessing kidney function and
transporter-related drug clearance, supporting more individualized and efficient clinical

decision-making.



Zusammenfassung

Die renale Elimination ist ein wesentlicher Weg der Arzneistoffausscheidung und beeinflusst
sowohl die Wirkstoffexposition als auch die therapeutischen Ergebnisse — insbesondere bei
Patienten mit eingeschrankter Nierenfunktion. Diese kumulative Dissertation zielt darauf ab,
die Bewertung der renalen Arzneistoffelimination zu verbessern, indem iohexolbasierte
Methoden zur Bestimmung der glomeruldren Filtrationsrate (GFR) optimiert und die Rolle
renaler Transporter untersucht werden.

Es wurden drei komplementdre Studien durchgefiihrt. Die erste Studie bewertete
vereinfachte Methoden zur Schdatzung der lohexol-Clearance aus Blutproben. Durch
Korrekturformeln in pharmakokinetischen (PK) Ein- und Zwei-Kompartimentmodellen
konnten zuverldssige GFR-Schatzungen erzielt werden. Beide Ansdtze zeigten eine akzeptable
Leistungsfahigkeit und stellen eine praxisnahe Alternative zu komplexen Modellierungen in
der klinischen Anwendung dar.

Die zweite Studie untersuchte die Pharmakokinetik und modgliche Transporterbeteiligung
einer reduzierten lohexol-Dosis (259 mg). Die Ergebnisse bestédtigten, dass lohexol
ausschlieBlich durch glomeruldre Filtration eliminiert wird, ohne signifikante Beteiligung
renaler Transporter. Die vorhersagbare und dosisproportionale Pharmakokinetik unterstiitzt
den Einsatz dieser niedrigeren Dosis als sicheren und zuverlassigen GFR-Marker — auch bei
Patienten mit Nierenfunktionsstorung.

Die dritte Studie verwendete populationsbasierte PK-Modellierung zur Untersuchung der
Verteilung von Adefovir — einem Substrat des organischen Anionentransporters (OAT) 1 —im
Rahmen eines Cocktails mit mehreren Transporter-Sonden. Die gleichzeitige Verabreichung
flihrte zu einem leichten Anstieg der Adefovir-Exposition, vermutlich aufgrund veranderter
Absorption und nicht infolge von Transporterinteraktionen. Die renale Clearance (CLg) blieb
unbeeinflusst, und es wurde keine klinisch relevante Sattigung der OAT1-vermittelten
Elimination beobachtet. Die Adefovir-CLr eignet sich somit als Marker fiir die OAT1-Aktivitat.

Insgesamt liefern diese Studien praxisnahe Ansatze und Erkenntnisse zur Beurteilung der
Nierenfunktion und der Transporter-vermittelten Arzneistoffelimination und unterstiitzen
eine individuellere und effizientere klinische Entscheidungsfindung.
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1. Introduction

The kidneys play a central role in the systemic elimination of xenobiotics and endogenous
metabolic byproducts.! Approximately one-third of clinically used drugs are primarily cleared
via the kidneys, making renal elimination a key determinant of drug disposition and
therapeutic outcomes.? This process involves glomerular filtration, along with transporter-
mediated active tubular secretion and reabsorption in the renal proximal tubule.! The
involvement of transporters comes with a potential for renal drug-drug interactions (DDls),
which may lead to inappropriate dosing and preventable adverse drug reactions.® In
individuals with renal impairment, alterations in transporter activity and glomerular filtration
rate (GFR) can markedly affect the pharmacokinetics of both renally and non-renally
eliminated drugs.! Thus, an early and mechanistic understanding of renal pharmacokinetics is
essential for optimizing dosing strategies, minimizing adverse effects, and improving

translational predictions throughout drug development.!

This dissertation comprises three original publications that collectively address the
assessment of individual pharmacokinetic (PK) processes contributing to renal drug
elimination. The first study focuses on improving the estimation of GFR through practical
approaches using iohexol plasma clearance.* The second evaluates the PK properties and
transporter interaction potential of low-dose iohexol to support its use as a selective GFR
marker, also in the presence of co-medications, including those given in cocktail phenotyping
studies.® The third applies population PK (PopPK) modeling to characterize adefovir as a probe
for organic anion transporter (OAT) 1 within a clinical transporter cocktail.® Together, these
studies provide complementary insights into renal filtration and secretion processes and offer

methodological advances relevant to renal transporter phenotyping and DDI assessment.

1.1 Concepts of renal clearance

1.1.1 Glomerular filtration

Glomerular filtration occurs in the renal corpuscles, where the glomerulus, enclosed by
Bowman’s capsule, enables passive filtration driven by hydrostatic pressure. This process
selectively permits substances to pass based on molecular size and charge.”® Approximately
10% of total renal blood flow undergoes ultrafiltration at the glomerulus, with the filtration

rate of drugs influenced by blood flow rate, hematocrit, and the plasma fraction of unbound



drug (fu).®1° The total volume filtered by the glomeruli of the kidneys per unit of time is known

as the GFR.1?
1.1.2 Tubular secretion

After glomerular filtration, renal blood flows through peritubular capillaries, where tubular
secretion occurs. This process transfers drugs and other substances from plasma into the
proximal tubular lumen, primarily via a number of transporters in the proximal tubule.
Secretion depends on transporter kinetics, plasma free fraction, and blood flow rate. Since
transporters are involved, secretion is saturable and may be inhibited by co-administered

drugs, increasing the risk of DDIs.>*0
1.1.3 Tubular reabsorption

Tubular drug reabsorption in the nephron occurs via passive or active transport. Passive
reabsorption, driven by diffusion, allows unionized drugs to re-enter circulation, while polar
drugs are poorly reabsorbed. This process depends on passive permeability, influenced by
urine flow and pH.!? Active reabsorption is relatively uncommon and primarily observed for
vitamins and amino acids. It occurs at the luminal (apical) membrane of the proximal tubule
via uptake and efflux transporters and shares properties with secretion, being energy-

dependent, saturable, stereospecific, and susceptible to competitive drug interactions.>*°
1.1.4 Renal clearance

Renal clearance (CLg) represents the volume of plasma from which a drug is completely
removed by the kidneys per unit of time.'? It integrates the contributions of glomerular
filtration and tubular secretion, offset by any reabsorption that occurs. CLg is a critical

parameter for assessing the renal elimination of drugs.>*3

In both clinical and preclinical settings, CLg is typically estimated by measuring the amount of
unchanged drug excreted in urine relative to its plasma concentration over time. This can be
assessed following either intravenous or oral administration, provided sufficient urine and

plasma data are available.®

To interpret CLg, it is often compared to the theoretical clearance expected from filtration
alone (GFR x fu).® A CLg higher than this value indicates net secretion, while a lower value

suggests net reabsorption.® If the observed value approximates filtration clearance, the drug



is primarily eliminated via glomerular filtration.® This comparative approach enables the
identification of the dominant elimination pathways and supports a mechanistic

interpretation of PK data in drug development and clinical pharmacology.® (Figure 1)
1.2 Mechanisms of tubular drug transport

Renal drug handling is largely mediated by a variety of transport proteins located in the
proximal tubules of the kidney.'* These proteins, many of which are polyspecific, recognize a
broad spectrum of endogenous and exogenous compounds and are responsible for the active
secretion and reabsorption of numerous drugs.’*1> A key feature influencing their function is
the strong negative transmembrane potential that exists between the intracellular and
extracellular environments.!* This electrochemical gradient can either hinder or facilitate the
movement of charged substrates, depending on their ionic nature.}* As a result, the
mechanisms underlying tubular secretion differ significantly between organic anions and

cations (OAs and OCs).'

Two major and distinct tubular secretion systems are recognized: the OA transport system
and the OC transport system.* Transporters involved in these processes mainly belong to two
large protein families: the solute carrier (SLC) family and the ATP-binding cassette (ABC)

family.1617

SLC transporters utilize either passive or secondary active transport mechanisms. Facilitative
SLC transporters enable the passive diffusion of substrates along their electrochemical
gradients, while secondary active SLC transporters mediate the uptake of substrates against
their gradients by coupling transport to the movement of co-transported ions, such as Na* or
H*.2 Members of the SLC family relevant to renal drug handling include OATSs, organic cation
transporters (OCTs), organic anion transporting polypeptides (OATPs), urate transporter
(URAT) 1, multidrug and toxic compound extrusion proteins (MATEs), nucleoside transporters,

among others.®

In contrast, ABC transporters function as primary active transporters. They use the energy
derived from ATP hydrolysis to actively export substrates against their electrochemical
gradients.?® In the kidney, key ABC transporters involved in drug secretion include multidrug
resistance-associated proteins (MRPs) 2 and 4, P-glycoprotein (P-gp), and the breast cancer

resistance protein (BCRP).®



This dissertation emphasizes the role of renal membrane transporters, particularly a defined
subset of SLC and ABC transporters that are implicated in DDIs and/or drug-induced
nephrotoxicity, as highlighted in recent regulatory guidelines.’®?° These transporters are
strategically localized on both the basolateral (blood-facing) and apical (urine-facing)
membranes of proximal tubular epithelial cells.? Typically, renal elimination of a given drug is
mediated by different transporters in the basolateral and the apical membrane, with the
potential for more than one mechanism to cause respective DDIs. Basolateral uptake
transporters such as OATs and OCTs mediate the cellular influx of drugs from the circulation,
while apical efflux transporters such as MATEs and MRPs facilitate the elimination of drugs
into the tubular lumen for urinary excretion.? The subsequent sections will explore the
expression patterns, subcellular localization, and transport mechanisms of these transporters

in greater detail. (Figure 1)

—
Blood
Glomerulus
o Urine Blood
MATE2-K f 0ocT2
S R 0AT1
Proximal 3= MATE1
tubule . ATP |
@ A “—————0AT3
5 ﬂ SLC Transporter
4) Renal Clearance =
(: ABC Transporter

(1) Filtration + (2) Secretion — (3) Reabsorption

Figure 1. Overview of renal drug elimination pathways and key transporters in the proximal
tubule. Renal clearance is governed by the interplay of three processes: @ glomerular
filtration, @ active tubular secretion, and @ tubular reabsorption. The net renal clearance
@ is determined by filtration minus reabsorption plus secretion. In the proximal tubule, drug
uptake from the blood across the basolateral membrane is mediated by SLC transporters,

including OAT1, OAT3, and OCT2. Efflux into the tubular lumen is facilitated by apical SLC



transporters (MATE1, MATE2-K) and ABC transporters such as P-gp, which utilize ATP
hydrolysis for active transport. Gray rounded rectangles represent SLC transporters, and

white rounded rectangles indicate ABC transporters.
1.2.1 Cationic drug transporters
OCTs (SLC family SLC22A)

OCTs are part of the SLC22A family.?! In humans, three distinct OCTs have been identified:
OCT1 (SLC22A1),0CT2 (SLC22A2), and OCT3 (SLC22A3). These membrane transporters consist
of 553-556 amino acids and are predicted to contain 12 transmembrane domains (TMDs).%!
The amino acid sequence of OCT2 shares 70% identity with OCT1,%?2 whereas OCT3 exhibits

approximately 50% sequence similarity with both OCT1 and OCT2.23

Among the OCTs, OCT2 is primarily expressed in the kidneys and is generally regarded as a
“kidney-specific” uptake OCT,?* localized to the basolateral membrane of renal proximal
tubules.?! OCT1, in contrast, is predominantly found in the sinusoidal membrane of
hepatocytes in the liver, with very low expression levels detected in other tissues, including
the luminal membrane of proximal and distal renal tubules.? Meanwhile, OCT3 has a broader
tissue distribution, being present in skeletal muscle, heart, placenta, and salivary glands.?!
However, because OCT3 is expressed at lower levels than its paralogs in key drug absorption
(e.g., intestine) and elimination organs (e.g., liver and kidney), its contribution to DDlIs is

generally considered to be very limited.

Within the kidneys, among the OCTs, mainly OCT2 plays a crucial role in the renal secretion
of OCs by facilitating their transport from systemic circulation into renal tubule cells.?> This
process is electrogenic, sodium (Na*)-independent, and driven by the negative membrane
potential within kidney tubular cells. By mediating this initial step, OCT2 significantly
contributes to drug clearance and the renal excretion of both endogenous and exogenous
0Cs.® While OCT1 is primarily involved in the hepatic uptake of OCs, it may also participate
in their renal secretion, with some degree of reabsorption possible, as observed with OCs like

metformin.326:27

OCT2 transports a broad spectrum of substrates, primarily OCs with one or two positive
charges, as well as weak bases that are protonated at physiological pH.?® Well-established

model substrates for OCT2 used in in vitro studies include creatinine, tetraethylammonium
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(TEA), and metformin.?® Despite the wide array of substrates suitable for in vitro studies,
metformin remains the only clinically approved probe used for OCT2 phenotyping in human
trials.’ In addition, several compounds, such as cimetidine, clonidine, pyrimethamine, and
verapamil, are recommended as inhibitors in these in vitro assays.'® Notably, dolutegravir is

generally a more potent in vivo inhibitor of OCT2 than of MATE transporters.*?
MATEs (SLC Family SLC47A)

MATEs belong to the SLC47 family.’® Among them, MATE1 (gene symbol SLC47A1) and
hMATE2-K (gene symbol SLC47A2) are the most extensively studied transporters. MATE1 and
MATE2-K consist of 570 and 566 amino acids, respectively, and are predicted to contain 13
TMDs.16:2%30 This structural prediction has been experimentally validated for human MATE1,%°

but confirmation of MATE2-K topology is still pending.3°

Among the MATE transporters, MATE1 is most abundantly expressed in the kidney but is also
significantly present in other tissues, such as the liver, skeletal muscle, and adrenal gland,*®
while MATE2-K is primarily expressed in the kidney.® In the human kidney, MATE1 is localized
together with MATE2-K in the brush-border membrane of the proximal tubule epithelial

cells.30

MATE1 and MATE2-K are OC/proton exchangers that mediate the apical efflux of OCs in the
kidney.'® Their transport activity is driven by a proton gradient oriented from the tubular
lumen into the cytosol, which is established by the typically higher acidity of the lumen
compared to the intracellular environment.®3132  As protons move into proximal tubule
epithelial cells, MATE1 and MATE2-K facilitate the concurrent extrusion of OCs into the
urine.’® These transporters share extensive substrate and inhibitor overlap with OCT2 and act
in concert with it to support renal OC secretion.'®33 For instance, in the case of metformin,
uptake from the blood into tubular epithelial cells occurs mainly via basolateral OCT2,

followed by apical excretion into the urine predominantly through MATE1 and MATE2-K.?’

To assess MATE1 and MATE2-K activity in vitro, commonly used probe substrates such as
creatinine, metformin, 1-methyl-4-phenylpyridinium (MPP*), and TEA are frequently
employed.’® However, these compounds are also substrates of OCT transporters, which can
complicate the interpretation of MATE-specific transport.’® Although metformin is widely

used as a probe substrate, its dual transport by OCTs and MATEs limits its suitability for



selectively probing MATE function in clinical settings.>! Inhibition studies often utilize
cimetidine, pyrimethamine, and quinidine, which are widely used in vitro inhibitors of MATE1
and MATE2-K.'®> Among these, pyrimethamine is considered a relatively selective MATE

inhibitor in vivo,'® whereas cimetidine exhibits potent in vivo inhibition of MATEs.16:34
P-gp (ABC Family ABCB1)

P-gp, encoded by the ABCB1 gene and also known as multidrug resistance protein 1 (MDR1),
is one of the most extensively studied members of the ABC transporter family.'® This 1280-
amino-acid membrane protein is both phosphorylated and glycosylated and is composed of
two homologous halves, each containing six hydrophobic transmembrane segments and an
intracellular ATP-binding domain.3> Acting as a broad-spectrum efflux transporter, P-gp is vital
in regulating drug distribution and is predominantly found in tissues such as the intestine,

kidney, liver, brain, and placenta.l’

In the kidney, P-gp is positioned on the apical membrane of proximal tubule cells, facilitating
the active excretion of both endogenous compounds and xenobiotics into the urine,
counteracting their concentration gradients.® Its substrates are typically large, lipophilic or
amphipathic compounds with molecular weights exceeding 400 Da and a net positive charge

at physiological pH.1®

P-gp transports a wide range of therapeutics across multiple drug classes, including:
chemotherapeutic agents (e.g., docetaxel, etoposide, vincristine), immunosuppressants (e.g.,
cyclosporine A, tacrolimus), antibiotics (e.g., macrolides), statins (e.g., atorvastatin,
lovastatin), cardiac medications (e.g., digoxin, digitoxin), beta-adrenergic blockers (e.g.,

carvedilol).'’

Several well-established P-gp substrates, including digoxin, N-methyl-quinidine (NMQ),
quinidine, and vinblastine, are commonly used in vitro to study the kinetic properties of P-
gp.'® To evaluate P-gp activity, inhibitors such as verapamil, valspodar (PSC833), zosuquidar
(LY335979), and GF120918, which also inhibits BCRP, are frequently applied in experimental

setups.’®

For in vivo evaluation of transporter activity, regulatory agencies recommend specific probe
substrates such as digoxin, dabigatran etexilate (primarily affected by intestinal P-gp), and

fexofenadine (also a substrate for OATP1B1, OATP1B3, and OATP2B1).!® Commonly
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recommended P-gp inhibitors include itraconazole, which also inhibits BCRP and CYP3A;
verapamil, which also affects CYP3A; and quinidine.’® These agents are widely used in clinical

DDI studies to assess P-gp function and its influence on drug disposition.
1.2.2 Anionic drug transporters
OATSs (SLC Family SLC22A)

OATs enable the transport of various anionic substrates and are classified within the SLC
family SLC22, which also includes OCTs.'® ten distinct OAT family members have been found
in humans, including OAT1-8, OAT10, and URAT1. The majority of OATs are predominantly
expressed in the renal proximal tubule, with the exception of OAT7, which is solely located in
the liver.'®3% Among these, OAT1 (SLC22A6) and OAT3 (SLC22A8) are of particular PK
relevance due to their significant role in renal drug elimination.3” Structurally, OAT1 and OAT3
are composed of 563 and 542 amino acids, respectively, and both share a common topology
featuring 12 TMDs.3® In the kidney, these transporters are localized to the basolateral
membrane of proximal tubule epithelial cells. OAT1 is predominantly expressed in the S2
segment, while OAT3 is distributed throughout the S1 to S3 segments.!” Under normal
physiological conditions, OAT1 and OAT3 function as OA/a-ketoglutarate exchangers,
mediating the initial uptake step in the renal secretion of OAs.?® Their activity is driven by an
outward a-ketoglutarate gradient, maintained by the Na*—a-ketoglutarate cotransporter,

which facilitates the uptake of OAs from the blood into renal tubular cells.6:3

While OAT1 and OAT3 have overlapping substrate preferences, they exhibit distinct affinities
for specific compounds.3® Both transport relatively small and hydrophilic OAs, but OAT3 tends
to favor larger, more hydrophobic molecules, particularly those containing multiple ring
structures.3” A notable example is estrone-3-sulfate, a commonly used substrate in in vitro
assays for OAT3 function.?’ In contrast, para-aminohippuric acid (PAH) shows markedly higher
affinity for OAT1, with an apparent affinity in the low micromolar range, making it a well-

established probe for studying OAT1-mediated transport.38

Numerous clinically relevant drugs are recognized substrates of OAT1 and OAT3, including
antibiotics, antivirals, antihypertensives, diuretics, cytotoxic agents, H,-receptor antagonists,
nonsteroidal anti-inflammatory drugs (NSAIDs), statins, and uricosurics.® In clinical research,

adefovir is used to assess renal OAT1 function, while sitagliptin is employed to evaluate renal



OAT3 activity.>®° Although selective inhibitors for individual OATs remain unavailable, several
broad-spectrum inhibitors have been identified. Among these, probenecid is the most widely
used. It binds to both OAT1 and OAT3 with similar affinity and effectively inhibits their

transport function without itself being translocated.3®
1.3 The clinical significance of GFR

GFR is widely recognized as the most reliable indicator of renal function and has broad
implications in clinical practice.® Changes in GFR are fundamental for diagnosing, staging, and
monitoring chronic kidney disease (CKD), as well as predicting CKD-related complications and
mortality.!> Additionally, in acute care settings, GFR trends help evaluate the onset and
progression of acute kidney injury (AKI).12 This is particularly important in patients with
fluctuating renal function, such as the critically ill, for whom timely assessment can guide
clinical decision-making.**** Furthermore, in kidney transplant recipients, GFR serves as a key
marker of allograft function.!? It guides immunosuppressive therapy adjustments, aids in early
detection of rejection or nephrotoxicity, and helps evaluate the long-term risk of chronic
allograft dysfunction.?4 Similarly, in dialysis patients, residual kidney function, as reflected
by GFR, contributes significantly to overall dialysis adequacy and is associated with improved
clinical outcomes.*®*” Moreover, renal function is a key determinant of the clearance of
renally excreted drugs, such as angiotensin-converting enzyme inhibitors, beta-lactam
antibiotics, and antineoplastic agents, to name just a few.? As such, GFR plays a central role
in determining safe and effective dosing regimens.'? Inaccurate estimation of GFR can result
in toxicity or therapeutic failure, particularly with drugs that are renally cleared or
contraindicated at low GFR levels, such as metformin, alendronate, dabigatran etexilate, and

certain chemotherapeutics and antibiotics.?4®

Beyond its essential role in clinical decision-making, GFR assessment is also relevant in
evaluating the impact of interventions (e.g., drug treatments, dietary modifications) and
conditions (e.g., genetic polymorphisms, diseases) on renal transporter activity in clinical
studies.*? Assessment of renal transporter activity is achieved through phenotyping
procedures, which involve administering a selective transporter substrate and analyzing PK
metrics that reflect transporter function3® (see section “1.5.6 In vivo phenotyping for
predicting renal TDDIs” for details). The choice of appropriate probe drugs and relevant PK
metrics is essential for identifying factors that influence transporter activity.*® However, many
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currently used phenotyping approaches remain insufficiently validated, indicating the need
for further methodological refinement.* In addition, certain PK metrics may be influenced by
confounding factors unrelated to transporter activity, but these effects can often be
guantified and adjusted for, thereby improving the accuracy and interpretability of

transporter function assessments.*?

CLg and, when applicable, net renal secretion are frequently used as metrics to assess renal
transporter activity in clinical studies.>® These parameters offer important advantages over
broader metrics such as systemic clearance or area under the concentration-time curve (AUC),
as they are not influenced by factors such as drug absorption, distribution, alternative
elimination routes, or external variables affecting these processes.3® However, as described
above, renal elimination comprises multiple components. Since glomerular filtration is a
passive process, estimating CLg or net renal secretion using an inaccurate GFR can introduce
bias and lead to a misrepresentation of actual renal transporter activity.>*° This issue is
particularly critical for compounds whose CLg values are close to the GFR, for instance digoxin,
where small errors in GFR estimation may significantly distort conclusions about active
transport. In contrast, this limitation is less pronounced for drugs primarily cleared by active
tubular secretion, such as metformin.3® Therefore, accurate measurement of GFR is essential
for distinguishing the contribution of active secretion to CLg and for ensuring robust

phenotyping of renal transporter function in clinical studies.33°
1.4 The clinical significance of transporter-mediated active renal secretion

Renal tubular secretion is a common process involved in transporter-mediated DDIs (TDDIs).
However, most tubular-based DDIs are of limited magnitude and rarely reach clinical
significance.'* Even when a drug primarily depends on renal elimination, defined as at least
25% of the absorbed dose being excreted unchanged in urine, complete inhibition of renal
transporters typically leads to less than a twofold increase in systemic drug exposure
(AUC).2° An exception is probenecid, a potent in vivo inhibitor of OATs, which can increase
concentrations of other drugs by up to fourfold.! However, such a significant increase occurs

only in drugs whose clearance is heavily reliant on transporter-mediated secretion.?

Unlike CYP- or OATP-mediated hepatic DDIs, clinically significant renal DDIs are relatively rare,

even in patients with impaired kidney function. This is mainly because tubular secretion often
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represents only one of several elimination pathways."** When secretion is inhibited, drugs
may still be eliminated through glomerular filtration or other compensatory routes.>*
Additionally, many renally secreted drugs are transported by multiple proteins, so inhibition
of a single transporter may have a limited effect on overall clearance.X'* Furthermore,
perpetrator drugs often need to achieve unbound plasma concentrations far exceeding those

typically encountered in clinical practice, making significant effects on renal elimination less

probable. 4

Despite their low frequency, renal DDIs still need to be evaluated, especially when new
chemical entities (NCEs) are co-administered with renally cleared drugs that have narrow
therapeutic windows, such as digoxin or methotrexate.>*® In vulnerable populations,
including patients with kidney failure or critical illness, even small changes in renal clearance
can increase the risk of adverse effects.®® Additionally, renal DDIs can lead to drug
accumulation in proximal tubule cells, increasing the potential for nephrotoxicity and kidney

injury.>0

To address these concerns, interested scientists, along with regulatory agencies such as the
U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA), have
established guidelines for assessing the DDI potential of NMEs with key renal transporters.
These include OCT2, OAT1, OAT3, MATE1, MATE2-K, and P-gp.'8-2° The next section examines

several clinically relevant renal DDIs caused by transporter inhibition.
1.4.1 Unwanted DDIs involving OCT2 and MATE1/2-K

A major route for the renal elimination of small, hydrophilic, positively charged drugs is
mediated by OCT2 and MATE1/2-K.1® Inhibition of either transporter has been associated with

clinically relevant DDIs involving cationic drugs.*®

One well-characterized example is the interaction between cimetidine, a histamine H,-
receptor antagonist, and metformin, a drug predominantly cleared unchanged by the kidneys
via active tubular secretion through OCT2 and MATE1/2-K.162751-55 Co-administration of
cimetidine reduces the CLg of metformin, resulting in increased systemic exposure.'6°2>3
When administered at 400 mg twice daily, cimetidine increases metformin’s AUC by

approximately 1.5-fold and decreases CLg by about 42.4%.16°%
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In vitro data suggest that cimetidine is a stronger inhibitor of MATE1 and MATE2-K (inhibition
constant [Ki] = 1.1-6.9 umol/L) than of OCT2 (Ki = 95-146 umol/L), implicating MATE
inhibition as the primary mechanism underlying the observed DDI.2%3* Notably, cimetidine is
also a substrate of both OCT2 and MATE transporters, and its uptake via OCT2 at the
basolateral membrane is believed to promote intracellular accumulation, thereby enhancing
its inhibitory effect on apical MATE1/2-K.>>°® This mechanistic pathway is further supported
by pharmacogenetic evidence showing that OCT2 polymorphisms can modulate the
magnitude of the interaction, as demonstrated in studies involving Chinese populations.>*

Therefore, this DDI is thought to be primarily driven by cimetidine’s potent inhibition of apical

MATE1/2-K, enhanced through OCT2-mediated intracellular accumulation.®

Another example is dolutegravir, an antiretroviral drug and potent in vitro inhibitor of OCT2
(half maximal inhibitory concentration [ICso] approximately 1.9 uM) and MATE1/2-K (ICso
ranging from 6.3 to 25 uM).’®>” When co-administered with metformin, dolutegravir
increases metformin AUC by approximately 2.5-fold, which is a greater effect than that
observed with cimetidine.'®°” Despite its high in vitro potency, dolutegravir's unbound Cpmax
suggests it is unlikely to inhibit MATE1/2-K in vivo, while it may act as a moderate in vivo
inhibitor of OCT2.16°85° The magnitude of the interaction exceeds expectations based solely
on OCT2 inhibition, indicating that additional mechanisms may be involved,® although no
changes in metformin absorption or distribution have been reported.'®?7°760 These
observations underscore the importance of dose adjustment and therapeutic monitoring

when OCT2/MATE substrates are used concurrently with inhibitors such as dolutegravir.®
1.4.2 Exploiting OCT2 DDIs to protect from cisplatin nephrotoxicity

Beyond DDIs, OCT2-mediated uptake and accumulation of drugs in renal proximal tubule cells
can contribute to drug-induced nephrotoxicity, as seen in the case of cisplatin-induced kidney

damage.!®

Cisplatin, a widely used anticancer agent, is limited by nephrotoxicity, primarily affecting renal
proximal tubules.®162 This toxicity is closely linked to its uptake via OCT2, with minimal efflux
through MATE1 and MATE2-K, leading to cisplatin accumulation in renal cells.®3%> Animal
studies have shown that Oct1/2-deficient mice are protected from cisplatin-induced renal

injury,®®®” and a single-nucleotide polymorphism (SNP) at the 808G>T locus in the OCT2 gene
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SLC22A2 (rs316019) is associated with reduced nephrotoxicity, reinforcing the critical role of

OCT2 in renal cisplatin handling.®®

These findings support the use of OCT2 inhibitors to reduce nephrotoxicity.'® For instance,
high-dose cimetidine reduced kidney damage in humans without affecting cisplatin
pharmacokinetics or efficacy.®® However, many OCT inhibitors also block MATE transporters,
whose activity facilitates cisplatin efflux.'® As a result, dual inhibition may lead to increased
intracellular cisplatin accumulation and worsen nephrotoxicity.'® This concern is supported
by studies showing that MATE inhibition, whether through genetic deletion in Matel
knockout mice or pharmacological inhibition using pyrimethamine or ondansetron, leads to

elevated cisplatin retention and increased renal toxicity.5%7°

Given the opposing roles of OCT2 and MATE transporters in cisplatin handling, caution is
needed when considering their inhibitors as nephroprotective strategies.»'® Future research
should prioritize the development of highly selective OCT2 inhibitors that minimize

nephrotoxicity while preserving cisplatin’s anticancer efficacy.®
1.4.3 Desirable and unwanted DDIs involving OATs

Clinically, DDIs involving the OAT-mediated renal proximal tubular transport system can be a

double-edged sword, offering therapeutic benefits while also posing risks of adverse effects.

On the one hand, inhibiting renal anion secretion can enhance drug activity or reduce
nephrotoxicity. A well-established example is probenecid, a prototypical inhibitor of renal
anion secretion, which exhibits similar inhibitory potency for OAT1 and OAT3, with K; ranging
from 4 to 12 umol/L.1® At standard oral doses (0.5-2 g), its unbound plasma concentrations
range from 3 to 50 uM,’! making both OAT1 and OAT3 likely sites of interaction with
probenecid in vivo.'® In addition to the well-known (historical) use of probenecid with
penicillin to extend its therapeutic effect, it is also co-administered with cephalosporins to
enhance their efficacy or minimize renal accumulation and nephrotoxicity. Notably,
probenecid has been shown to prolong the elimination half-life of cefazolin from 1.65 to 2.67
hours,”? and to double the maximum plasma concentration of cefamandole.” Besides its use
with antibiotics, probenecid is used with antiviral drugs to mitigate nephrotoxicity.>® Renal
cytotoxicity of adefovir and cidofovir is mediated by OAT1, which facilitates excessive drug

accumulation in proximal tubular cells.”*”> Given the evidence that OAT1 inhibitors reduce
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cidofovir-induced nephrotoxicity, the respective summary of product characteristics (SmPCs)

mandate coadministration of the OAT inhibitor probenecid in patients receiving cidofovir.”®”’

On the other hand, while OAT inhibition can enhance therapeutic effects, it also impairs renal
drug excretion, increasing the risk of toxic accumulation, particularly for drugs with narrow
therapeutic indices.”® Methotrexate, a cytotoxic antineoplastic agent, is primarily excreted
unchanged (80%-90%) via glomerular filtration and tubular secretion within 24 hours of
intravenous administration.”® It is transported by multiple renal transporters, including OAT1
and OAT3.”® However, co-administration with NSAIDs,”?8  probenecid,®* or
sulfamethoxazole®?®° has been shown to reduce methotrexate’s renal clearance and elevate
systemic exposure, thereby increasing the likelihood of toxicity.®® As a result, the
accumulation of methotrexate in the bloodstream can have severe consequences. In
rheumatoid arthritis patients receiving low-dose oral methotrexate with probenecid, toxic
buildup has been linked to life-threatening pancytopenia.®® Furthermore, co-administration
with trimethoprim-sulfamethoxazole has been associated with an increased risk of
myelotoxicity in children undergoing treatment for acute lymphoblastic leukemia.?”
Supporting these concerns, a systematic review incorporating one observational study and 17
case reports has identified this interaction as a significant risk factor for cytopenia in
rheumatoid arthritis patients,® further underscoring the importance of monitoring

methotrexate clearance in polypharmacy settings.

Thus, given the potential for both beneficial and adverse interactions, drugs sharing a
common renal tubular transport pathway (OA system) require careful evaluation in clinical
practice.”® Understanding the balance between enhanced therapeutic effects and increased

toxicity risk is critical for optimizing treatment outcomes.*°
1.4.4 DDIs involving P-gp

In addition to the inhibition of renal uptake transporters, renal DDIs may also result from the
inhibition of efflux transporters expressed on the apical membrane of proximal tubule cells.!
Although in vivo evidence remains limited, apical transporters such as P-gp, MRP2/4, and
BCRP may contribute to renal drug clearance and DDIs.! Among these, P-gp-mediated DDIs
are the most extensively studied, with the interaction between P-gp and digoxin serving as a

well-established example.#°° Digoxin, a cardiac glycoside widely used in the management

14



of congestive heart failure and atrial fibrillation, is a recognized substrate of P-gp.1*°! Given
its narrow therapeutic window, even small changes in serum concentration can lead to
toxicity,®> making close monitoring essential, especially when it is co-administered with drugs
that may share P-gp-related disposition pathways, which may be the key site for drug

interactions with digoxin.?

Quinidine, which functions as both a substrate and a potent inhibitor of P-gp,°® has been
shown to significantly reduce digoxin clearance by up to 64%,°* thereby increasing the risk of
digoxin toxicity. This inhibitory effect has been demonstrated in both preclinical and clinical
studies, including evidence of elevated digoxin exposure in wild-type mice but not in P-gp
knockout models.>> Other P-gp inhibitors such as verapamil,®® clarithromycin,®” cyclosporin

A,%® and itraconazole® have also been reported to reduce the renal clearance of digoxin.>1®

Despite these observations, the clinical relevance of P-gp-mediated DDIs is not always
consistent.! For example, although ritonavir is a known P-gp inhibitor in vitro, its effects in
vivo have been variable.! One study reported that ritonavir increased digoxin’s AUC by 86%
and reduced its renal clearance by 35%.1%° Nevertheless, another study has shown no
significant impact of ritonavir on digoxin CLr.}°! These inconsistencies underscore the
complexity of predicting renal P-gp-mediated DDIs and suggest that additional studies are
needed to clarify its role in tubular drug secretion.! However, monitoring PK changes of P-gp

substrates during co-administration with P-gp inhibitors is recommended.%1®
1.4.5 Sensitive populations

Although renal TDDIs are typically of low magnitude, their clinical significance may be
increased in specific populations.® Individuals with impaired renal function, such as elderly
patients or those with diabetes, may be more susceptible to pronounced DDIs.>° This is
exemplified by the shifting balance between glomerular filtration and active tubular secretion
in creatinine elimination.”®'%? In individuals with normal renal function, filtration is the
primary clearance mechanism, with only 10% to 40% of creatinine eliminated via tubular
secretion.”®1%2 |n contrast, patients with glomerular disease may rely equally on secretion for
creatinine clearance.”%%2 A similar compensatory increase in secretion could occur for other

drugs and metabolites, warranting further investigation.>®
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CKD, including diabetic nephropathy and glomerulonephritis, not only reduces glomerular
filtration but also alters renal transporter activity.°>1% A decline in GFR is often accompanied
by changes in the expression and function of renal transporters.”%'% |n kidney-related
diseases, the function of OAT1 and OAT3 is consistently impaired, as evidenced by reduced
mRNA expression, protein levels, and transporter activity.”®'% These transporters are
essential for the uptake of endogenous and exogenous substances into renal tubular
epithelial cells.>® Their reduced activity may present both protective and detrimental
consequences.'% On one hand, it limits the entry of potentially nephrotoxic compounds such
as uremic toxins, including indoxyl sulfate (IS), 3-carboxy-4-methyl-5-propyl-2-
furanpropionate (CMPF), indoleacetate (lA), and hippurate (HA), into renal tissue, potentially
reducing further kidney damage.'%* On the other hand, decreased transporter activity impairs
drug excretion, leading to elevated plasma drug concentrations and an increased risk of
toxicity.1% Additionally, accumulated uremic toxins can competitively inhibit OATs, further
disrupting the CLr of both drugs and endogenous organic acids.!?*% |n patients with severe
renal impairment, pathophysiological changes lead to a decline in OAT1 and OAT3 expression,
which further contributes to drug accumulation.'® A clinically relevant example involves
morinidazole metabolites, which are OAT1/3 substrates.'® Following a 500 mg intravenous
dose, the AUC values for these metabolites were 15.1- to 20.4-fold higher in patients with

severe renal impairment compared to healthy individuals,103:106:107

Although kidney diseases directly affect renal transporter function and drug elimination, non-
renal conditions may also significantly alter these transporters, which makes individualized
dose adjustments necessary.!%® Emerging evidence suggests that metabolic disorders, such as
hyperuricemia and diabetes, can influence the expression of key renal transporters (e.g.,
OAT1/3, OCT2, BCRP, and MRP2/4).193 These changes may affect the CLr of various drugs such
as cephalexin,'%® metformin,'% and sitagliptin.!'® Therefore, careful dose adjustments based
on altered transporter activity are essential to maintain drug safety and efficacy in patients

with kidney-related or systemic diseases that impact renal drug transport.103

Age-related changes in renal function, including reduced blood flow, declining GFR, impaired
tubular secretion, and increased tubular frailty, also significantly affect drug therapy.1%1%?
Elderly individuals aged 65 years and older account for nearly 30 percent of commonly

prescribed medications and face a higher risk of adverse drug reactions (ADRs) compared to
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the general population.'!! Despite this, the underlying mechanisms contributing to these risks
remain poorly understood, partly due to limited clinical research.>®'! It is unclear to what
extent factors such as reduced renal clearance, drug accumulation, increased DDIs, and
polypharmacy contribute to the observed outcomes.”%!? A recent study provides a detailed
analysis of the ontogeny of renal drug transporters by assessing mRNA expression, protein
abundance, and localization in postmortem kidney tissues from preterm newborns to
adults.'*3 The study reveals that most renal transporters, including P-gp, URAT1, OAT1/3, and
OCT2, exhibit a significant increase in both mRNA expression and protein levels during early
childhood. In contrast, others, such as MATE1, glucose transporter 2 (GLUT2), and MRP2/4,
remain relatively stable from birth.'*® These findings suggest the crucial role of renal
transporter maturation in drug clearance. Medications that depend on OAT1, OAT3, and OCT2
for elimination may be cleared more slowly in neonates and infants due to immature
transporter expression, underscoring the need for age-specific drug dosing adjustments in

these vulnerable populations.!!3

Beyond age and diseases, other factors, including sex, pregnancy, and ethnic differences, also
influence renal drug transporter activity.!%3'14 However, these factors are not explored in
detail in this thesis. Gaining deeper insights into their impact will enhance our ability to

advance personalized medicine and reduce the likelihood of ADRs.

1.5 Methods and challenges in the quantification of renal PK processes

1.5.1 Measured GFR to validate estimated GFR

Estimated GFR (eGFR) based on endogenous filtration markers is the most commonly
employed method for assessing GFR in clinical practice and is generally adequate for guiding
clinical decisions.!’> However, these estimates may be unreliable in non-steady-state
conditions, in individuals whose non-GFR determinants significantly differ from those in the
populations used to develop estimation equations,*® and in clinical transporter phenotyping
studies where precise GFR measurement is critical for assessing renal transporter function.?
In such cases, directly measured GFR (mGFR) using exogenous markers (e.g., iohexol) provide
an essential means of confirmation.?®!1® Since conventional mMGFR methods are often
impractical for routine use,'*’ this thesis aims to improve iohexol-based GFR measurement
by evaluating practical correction formulas* and lower dosing strategies to enhance feasibility
and accessibility.>
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1.5.2 Estimated GFR using creatinine and/or cystatin C

The eGFR is routinely reported by clinical laboratories and is calculated based on the blood
concentration of an endogenous filtration marker, such as creatinine or cystatin C,
supplemented by clinical and demographic factors.'>%° These additional variables help
account for non-GFR determinants such as differences in marker generation, tubular handling
(secretion or reabsorption), and extrarenal elimination.'? By incorporating these factors,
eGFR adjusts for individual variability unrelated to GFR, providing more accurate estimates
than marker concentrations alone.'> Furthermore, expressing GFR on a standardized scale
enhances its clinical applicability.!> As a result, eGFR is widely considered a reliable and

adequate measure for guiding most clinical decisions.*®

Creatinine-based eGFR (eGFR) is widely used due to its affordability, simplicity, and broad
availability.1>1*® Creatinine is produced endogenously via muscle metabolism and can be
influenced by dietary intake.? While it is freely filtered by the glomerulus, creatinine also
undergoes tubular secretion, facilitated by transporters such as OCT2, MATE1/2-K, and OAT2,
and has extrarenal clearance pathways.'’®!?% These non-GFR determinants introduce
variability that may affect eGFR.r accuracy, particularly in individuals with abnormal body
composition, nonsteady-state conditions, or those exposed to TDDIs.%*21 The 2009 Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation (CKD-EPlcr2009)'%2 is
recommended by Kidney Disease: Improving Global Outcomes (KDIGO) clinical practice
guideline for estimating eGFR. in adults due to its superior performance over earlier
equations like Modification of Diet in Renal Disease (MDRD),*?3 particularly at higher GFR

levels (GFR = 60 mL/min/1.73 m?2),12118122,124

Cystatin C-based eGFR (eGFRys) offers an alternative that is less influenced by muscle mass
and tubular secretion, potentially improving accuracy in populations where creatinine-based
estimates are unreliable.'2'2! Cystatin C is freely filtered and catabolized in the tubules, but
not excreted in urine,?%?! and may be affected by factors such as inflammation, smoking, and
thyroid function.12121.12> Although its higher cost limits routine use,'?! cystatin C can enhance
GFR estimation when combined with creatinine. The 2012 CKD-EPI combined equation (CKD-
EPlcr-cys2012) 126 demonstrates improved accuracy over either biomarker alone!?121126.127 and js

recommended when greater precision is required, such as in transplant evaluations or critical
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drug dosing.''>'28 However, because it still incorporates creatinine, it does not serve as an

entirely independent confirmatory test.1212!

Despite ongoing development of newer eGFR equations, such as those that remove race-
based adjustments (e.g., 2021 CKD-EPI creatinine equation [CKD-EPlcr2021])*?° or are tailored
for specific populations (e.g., the European Kidney Function Consortium [EKFC] equation,3°
the Revised Lund-Malmo [RLM] equation,3! and the Berlin Initiative Study [BIS] equation'3?),
no estimation method has demonstrated sufficient accuracy across all clinical
contexts.12127.130 Therefore, in cases where an accurate assessment of kidney function is

essential, mGFR using exogenous markers such as iohexol remains necessary.?’

1.5.3 Measured GFR using iohexol

Plasma clearance of iohexol following a single dose, typically around 3,235 mg, has become a
key tool to measure GFR, primarily due to its favorable PK properties.’33 Unlike endogenous
filtration markers, iohexol-based assessments are not affected by variations in body
composition or illness, making it a good candidate for routine clinical use.>'*> Moreover,
iohexol is particularly in clinical scenarios that demand precise GFR assessment, such as in
patients with unstable kidney function,**134 those suffering from severe conditions like HIV,
heart failure, or liver failure,*?4%13> and in clinical trials where GFR is essential in evaluating

drug pharmacokinetics.116:136

Although iodinated contrast agents such as iohexol are generally well tolerated, ADRs occur
in up to 3% of cases and may occasionally be clinically significant.>*3” Acute reactions include
allergic-like symptoms such as hives, itching, difficulty swallowing, shortness of breath, and,
in severe instances, anaphylaxis.'3”:138 Physiologic reactions, including pain, nausea, vomiting,
arrhythmias, and visual disturbances, are also reported.3”138 The risk of these reactions,
particularly physiological ones, tends to increase with higher doses.'3”13 The most serious
ADR associated with contrast media is contrast-induced acute kidney injury (CI-AKI).>*3° While
its incidence is relatively low at 1% to 2% in individuals with normal kidney function, it may
rise to as high as 25% in patients with CKD or other risk factors such as comorbidities,
advanced age, or nephrotoxic drug exposure.>*3? Notably, the risk of CI-AKl increases with the
volume of contrast media administered, doubling with every additional 20 mL in patients with

CKD.>4 “Gijven the dose dependency of ADRs, it is desirable to validate and use iohexol at
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the lowest possible dose for GFR assessment, particularly in patients with impaired renal

function or those requiring repeated GFR monitoring.”®

“While iohexol elimination in humans is considered to be mediated exclusively by glomerular
filtration, there is limited evidence suggesting that iohexol may interact with membrane
transporters.3141-143 Minor inconsistencies have been observed when comparing iohexol
clearance to that of inulin, which is regarded as an ideal GFR marker,? though inulin is no
longer preferred due to practical limitations.'#* Additionally, beyond glomerular filtration
iohexol might be reabsorbed through a saturable mechanism in rats.!*! Moreover, iohexol
downregulated the expression of OCT2 in both rat kidneys and HK-2 cells.?*? It also exerted a
mild inhibitory effect on P-glycoprotein in human cancer cell lines.'*® The involvement of
membrane transporters in iohexol pharmacokinetics may lead to nonlinearity in its
pharmacokinetics, particularly at low concentrations. Similar to creatinine, this can make
iohexol susceptible to TDDIs when coadministered with drugs that affect transporter
activity.!' Both nonlinearity and TDDIs with iohexol as a victim could cause discrepancies

between iohexol clearance and GFR.”>

Additionally, iohexol has the potential to influence the pharmacokinetics of co-administered
drugs, potentially altering their therapeutic effects.® Furthermore, Its interactions with
transporters may also affect the pharmacokinetics of probe drugs used in transporter
phenotyping cocktail studies (see Section 1.5.6 “In vivo phenotyping for predicting renal
TDDIs” for details).>3° Before incorporating iohexol into future phenotyping approaches, it is
essential to ensure that it does not lead to clinically significant DDIs.> Lowering its standard
dose may help reduce the risk of such interactions, minimize adverse effects,'3%4° and
decrease overall drug consumption.®> However, PK data on low-dose iohexol remain

limited,>**? highlighting the need for further research to assess its safety and efficacy.”
1.5.4 In vitro assessment of renal TDDIs

In the early phases of drug research, in vitro models serve as essential preclinical tools for
determining whether a drug candidate functions as a transporter substrate or inhibitor.'4
These models offer mechanistic insights into TDDIs and help predict their in vivo

relevance.'®1%14>  Additionally, they provide critical kinetic data, including the Michaelis-
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Menten constant (Km), maximum reaction velocity (Vmax) for substrates, as well as K; and 1Cso

for inhibitors, enabling a comprehensive evaluation of potential DDIs.1819,145

A range of in vitro transporter assays are available to assess the risk of TDDIs in investigational
drugs.'#® This thesis focuses on in vitro methodologies for studying renal TDDIs, particularly
transfected cell-based and membrane vesicle-based assays, both of which are endorsed by

regulatory authorities.?®

1.5.4.1 In vitro system

1.5.4.1.1 Transfected cell-based assays

In vitro transfected cell-based uptake assays are widely used to study whether an
investigational drug is a substrate or inhibitor of SLC transporters such as OCTs, OATs, OATPs,
and MATEs. These assays can also be utilized to study efflux transporters, such as P-gp and

BCRP.181

Several mammalian host cell lines are commonly used for constructing transfected cells,
including human embryonic kidney (HEK293) cells, Chinese hamster ovary (CHO) cells, porcine
kidney epithelial cells (LLC-PK1), and Madin-Darby canine kidney (MDCK) cells.}*® Among
these, HEK293 and CHO cells are preferred for expressing uptake transporters due to their
low endogenous transporter activity and ease of maintenance. In contrast, MDCK and LLC-
PK1 cells are often used for efflux transporter studies, as they form tight, polarized

monolayers suitable for such investigations.!%’

To construct recombinant cell lines for in vitro studies in this thesis, two transfection methods
were employed to introduce transporter cDNA into host cells. The first method utilized the
pEBTetD vector, an Epstein—Barr virus (EBV)-derived episomal vector,'* which enables stable
and efficient propagation in human cell lines without genomic integration. This vector also

148 3llowing precise control of transporter

features a doxycycline-inducible expression system,
expression levels. The inducible system facilitates direct comparisons between cells with and
without transporter expression, improving the reliability of functional analyses.'*® The second
method involved the Flp-In system, which enables site-specific genomic integration of the
transporter cDNA via Flp recombinase-mediated recombination.'*” This approach enhances

stable transfection efficiency by ensuring cDNA insertion at a fixed genomic locus, thereby

21



reducing variability in expression levels compared to the episomal pEBTetD system. The

detailed construction processes for these plasmids have been described previously.#7:14°
1.5.4.1.2 Inside-out membrane vesicles

Inside-out membrane vesicles are widely used in vitro systems for evaluating whether an
investigational drug is a substrate or inhibitor of efflux transporters, such as ABC transporters
P-gp or BCRP.181%146 These vesicles, derived from cells transfected with specific transporter
genes, offer several advantages, including simplicity, reduced variability, high assay

throughput, and a direct means of estimating in vitro kinetic parameters.146:147

These vesicles are artificially created by disrupting the plasma membrane of transfected cells
in a way that flips the orientation of the transport proteins, exposing their ATP-binding sites
to the external environment.*” This configuration allows for the direct assessment of ATP-
dependent drug transport activity, making it easier to determine whether a compound acts
as a substrate or inhibitor of the transporter.?*” When ATP is added, the transporter actively
moves drugs into the vesicle interior, allowing for precise quantification of transport
efficiency.'*” However, this system has inherent limitations, particularly in identifying drugs
that have high passive permeability or significant nonspecific binding. Such properties can
interfere with the recognition of true transporter substrates, leading to potential

misinterpretation of results.®19.146
1.5.4.2 Substrate assessments

To determine whether a drug is a substrate of renal uptake transporters, regulatory agencies
recommend conducting in vitro studies.’®2° These studies assess transporters such as OAT1/3,
OCT2, and MATE1/2-K when active renal secretion contributes to > 25% of the drug’s systemic
clearance.'®? Similarly, P-gp evaluation is necessary when active renal secretion plays a
major role in drug elimination.'®° Beyond renal transporters, assessing P-gp and BCRP-
mediated transport is valuable for understanding a drug’s brain penetration, oral
bioavailability, and biliary excretion.'®*® For drugs primarily eliminated through hepatic
metabolism or biliary excretion (> 25% of total clearance), or those targeting the liver
pharmacologically, evaluating their interaction with OATP1B1 and OATP1B3 transporters is
recommended.'®% These assessments help determine whether hepatic uptake influences

drug disposition, potentially affecting efficacy and safety.
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In in vitro transporter studies, a drug is considered a potential substrate if it exhibits at least
a twofold higher uptake in transporter-expressing cells compared to control cells, and if this
uptake is inhibited by 50% or more in the presence of a known transporter inhibitor. For
vesicle-based assays, alternative evaluation approaches may be applied, guided by internal

data and prior experience.'®1?

When a drug meets the criteria for transporter substrate identification, further kinetic
characterization is necessary. This involves a two-step process: First, time-dependent uptake
is evaluated to establish the period during which uptake remains linear before reaching
saturation. Second, kinetic parameters such as Kn and Vmax are determined by measuring
uptake rates across a range of drug concentrations in both transporter-expressing and control
cells. This approach ensures a comprehensive understanding of the drug’s interaction with

transporters, which is critical for predicting its pharmacokinetic behaviour,146:147

1.5.4.3 Inhibition Assays

To evaluate the potential of the test drug to inhibit specific transporters and contribute to
TDDIs in vivo, inhibition assays were conducted. These experiments assessed intracellular
accumulation of a standard substrate in cell-based systems or intravesicular accumulation via
ATP-dependent uptake in inside-out membrane vesicles. Measurements were taken with and

without the test drug.

The initial assessment of transporter inhibition typically involves testing the drug at its highest
clinically relevant concentrations. According to the latest established guidelines,
recommended concentrations include 10 times the unbound maximum plasma concentration
(Cmax,u) for OAT1/3 and OCT2, 50 times Cmaxu for MATEs, 10 times the liver inlet Cmaxu for
OATP1B1/3, and 0.1 times the highest therapeutic dose per 250 mL for orally administered P-
gp or BCRP inhibitors.'®° For parenterally administered drugs or inhibitory metabolites
formed post-absorption, the recommended concentration is 50 times Cmaxu. Since
transporters are widely expressed across various tissues, such as P-gp, which is localized in
the intestine, liver, and kidney, the highest relevant concentration was selected to ensure a
robust in vitro evaluation of potential impact of the drug on TDDIs. Drug concentrations
should remain within solubility limits while avoiding cytotoxic effects.'®? If inhibitory activity
is detected at the threshold concentration, further testing at multiple concentrations is
147

recommended to determine ICsg or K; values.
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1.5.4.4 Strengths and challenges of in vitro DDI studies

In vitro DDI studies are widely used due to their controlled experimental conditions, cost-
effectiveness, and ability to provide rapid preliminary assessments of potential interactions
before clinical trials.*” However, in vitro models cannot fully replicate the coordinated action
of multiple transporters in epithelial cells, limiting their predictive accuracy.'*’ Although
systems using multiple-transfected cells offer improved representation, they still do not
reflect the complexity of drug transport across intact organs, such as renal tubular
epithelium.*> In addition, they also fail to account for drug metabolites, leading to potential
underestimation of interactions.'*%> Variability in experimental conditions and challenges in
scaling data to human pharmacokinetics further restrict their reliability.}*’ Although in vitro
transporter interaction screening is not required for all NCEs in preclinical development,
recognizing the potential for TDDIs remains essential for both marketed drugs and

compounds undergoing clinical evaluation.!

1.5.5 Probes and biomarkers for renal TDDI assessment
1.5.5.1 Renal OCT2 and MATE1/2-K activity
1.5.5.1.1 Probe drug

Metformin is a widely used probe drug for studying the inhibition of renal uptake and efflux
transporters, specifically OCT2 and MATE1/2-K.'® As an oral antidiabetic agent, metformin
exhibits an absolute oral bioavailability of approximately 50-60%.%71°° Although commonly
employed in TDDIs studies, its absorption and distribution processes are complex and not yet

fully elucidated.*>!

In the intestine, metformin is taken up from the lumen into enterocytes via the plasma
membrane monoamine transporter (PMAT) and subsequently transported into the
bloodstream by basolateral OCT1.27:3° Hepatic uptake is primarily mediated by OCT1 and
OCT3 on the sinusoidal membrane, with MATE1 facilitating biliary excretion.?”3° Renal
clearance, accounting for approximately 76% of total elimination, involves active tubular
secretion via OCT2 and MATE1/2-K.32109151-153  Although functionally relevant genetic
polymorphisms in OCT2 and MATE1/2-K have not been strongly linked to altered metformin

154

pharmacokinetics,'* clinical studies using transporter inhibitors such as dolutegravir (OCT

inhibitor) and pyrimethamine (MATE inhibitor) demonstrate significantly increased
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metformin exposure.>>'>> These findings underscore the functional relevance of OCT2 and
MATE1/2-K in metformin elimination and support the use of metformin plasma and urine

levels as robust markers for renal transporter activity.?

Although metformin is not a highly selective probe for OCT2 or MATE1/2-K, it remains a
valuable clinical tool for assessing TDDIs, particularly given the lack of more specific
alternatives.>3° Its use is supported by regulatory agencies, which acknowledge metformin as
an appropriate probe substrate to evaluate the clinical relevance of in vitro inhibition of OCT2
and/or MATEs.® The International Transporter Consortium (ITC) has also provided
recommendations on study designs to ensure suitable metformin dosing during co-
administration scenarios.'®® Nevertheless, the impact of inhibiting a single transporter on
metformin disposition is often limited, largely due to the overlapping substrate specificities
among renal transporters.!®> Consequently, observed renal DDIs with metformin are

generally modest in magnitude.>?

1.5.5.1.2 Endogenous biomarkers

Creatinine, a breakdown product of muscle creatine, is widely used as a biomarker of renal
function,®’ but it may also serve as an endogenous probe for evaluating renal transporter
activity in early clinical studies.’®® Approximately 10-40% of its total renal excretion is
attributable to net tubular secretion, after accounting for reabsorption, whereas no
metabolism of creatinine has been described previously.?*® Elevated serum creatinine and
decreased renal clearance of creatinine may indicate temporary inhibition of active renal
transporters, such as OCT2, OAT2, and MATE1/2-K, without any change in GFR.%69161 However,
interpreting changes in creatinine is complicated, as its levels are affected by multiple factors
such as age, sex, body weight, muscle mass, and diet.’®%162 Moreover, elevated serum
creatinine can also indicate impaired renal function, making it essential to differentiate
between transporter inhibition and true nephrotoxicity.1®%-162 Although serum creatinine
often increases with OCT2/MATE inhibition, it lacks sensitivity and specificity for detecting
TDDlS.lGO_lGZ

N'-methylnicotinamide (NMN) and N'-methyladenosine (m!A) have emerged as promising
endogenous biomarkers for assessing the activity of renal transporters OCT2 and MATE1/2-
K.12 NMN, a metabolite formed during tryptophan and vitamin B3 metabolism, is generated
by aldehyde oxidase and cleared renally through both passive glomerular filtration and active
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tubular secretion via OCT2 and MATEs.15%163.164 |ts CLg is concentration-dependent, likely due
to saturable reabsorption in addition to secretion.!®1®> NMN has been confirmed as a
substrate of OCT2 and MATE1/2-K, but not of organic anion transporters (OAT1, OAT2, or
OAT3) in vitro.>>161 m!A, an endogenous purine nucleoside derived from transfer RNA, is also
secreted by the kidneys and has been identified as a substrate of OCT2 and MATE2-K, though
not of MATEL1 in vitro.>%¢1 While multiple clinical studies have supported the utility of NMN
as a biomarker, showing strong and consistent correlations with metformin renal clearance
across various transporter inhibition scenarios (R? = 0.53-0.87),%! including co-administration
with trimethoprim,®* pyrimethamine,%® cimetidine,®” and investigational inhibitors such as
aboricitinib'®® and bevurogant,'®® clinical evidence for m'A remains limited.'®! In one
comparative clinical study using pyrimethamine, m'A demonstrated a stronger correlation
with metformin CLg (R? = 0.65) than NMN (R? = 0.53) and creatinine (R? = 0.11), suggesting
high sensitivity to transporter inhibition.1®® However, the observed increase in the AUC of
NMN upon metformin administration in this study was likely due to metabolic modulation
unrelated to transporter inhibition, which may explain its slightly lower correlation with

metformin CLg compared to m*A,161166,170

Taken together, these findings suggest that NMN is currently the more clinically validated and
reliable biomarker for OCT2 and MATE1/2-K activity, while m*A exhibits strong potential and
may outperform NMN in specific contexts. Further clinical studies are warranted to confirm

the broader applicability of m*A.

1.5.5.2 Renal OAT1/3 activity
1.5.5.2.1 Probe drug for OAT1

Adefovir dipivoxil, the oral prodrug of adefovir, is used clinically to treat chronic hepatitis B.1"*
Once administered, it is converted to active adefovir by hepatic esterases, achieving an oral
bioavailability of approximately 59%.17! Adefovir is a highly selective substrate for OAT1 over
OAT3 in vitro’2'73 and has been recommended by regulatory guidelines as an in vivo probe

to assess the inhibitory potential of NMEs on OAT1.%°

Following administration, about 45% of the dose is excreted renally, with total CLg exceeding
GFR by two to three times, indicating substantial active tubular secretion.?’*'7* Around 60%

of this secretion is mediated by OAT1 at the basolateral membrane of proximal tubule
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cells.t71174 Efflux from renal cells likely involves apical transporters MATE1, MATE2-K, and to
a lesser extent, MRP4.317> Although adefovir is a substrate of MRP4, studies in Mrp4-/- mice
suggest that MRP4 has a limited impact on systemic exposure.l’> Despite the absence of

154 co-administration of adefovir dipivoxil with

clinically significant OAT1 polymorphisms,
probenecid, a potent OAT1 inhibitor, reduces renal clearance of adefovir by 45% and
increases AUC from time zero to 8 hours post-administration (AUCo-gn) by approximately
80%,72 highlighting the key role of OAT1 in its elimination. Moreover, clinical DDI studies
show that single doses of adefovir dipivoxil do not cause significant interactions with
substrates of other transporters, such as metformin, digoxin, sitagliptin, or pitavastatin.3®

These findings support the use of adefovir as a sensitive and selective in vivo probe for

assessing OAT1 activity.
1.5.5.2.2 Probe drug for OAT3

Sitagliptin is a selective and reversible inhibitor of dipeptidyl peptidase-4 that has emerged as
a potential phenotyping probe for human OAT3 activity.>3° In vitro data demonstrate marked
selectivity for OAT3 over OAT1, making sitagliptin a promising candidate for transporter
phenotyping.1'®173 Following oral administration, sitagliptin exhibits high bioavailability
(approximately 87%), with around 35% of the absorbed dose undergoing metabolism,
primarily via CYP2C8 and CYP3A4.17% Approximately 79% of the dose is excreted unchanged
in urine through renal pathways largely mediated by OAT3.3

While sitagliptin exhibits some in vitro inhibition of OCT1, OCT2, and MATE2-K, these effects
are considered unlikely to be clinically relevant due to low Cmax,u to K; ratios (0.009, 0.03, and
0.001, respectively).'* This is further supported by the lack of significant DDIs observed in
single-dose studies involving known substrates of OCT1, OCT2, MATE2-K, and other relevant
transporters, such as metformin, digoxin, adefovir, and pitavastatin.3® Sitagliptin is also a
substrate of OATP4C1 and P-gp,® but its renal elimination is not significantly altered by
coadministration with cyclosporine, a potent P-gp inhibitor.>'’” These findings collectively
indicate that the disposition of sitagliptin is primarily governed by OAT3, with minimal
influence from other transporters. Although genetic polymorphisms in OAT3 have shown
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limited impact on sitagliptin clearance,’* coadministration with gemfibrozil, a known OAT3

inhibitor, results in a significant increase in the Cmax and AUC of sitagliptin, along with about
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a 35% reduction in clearance.’® Altogether, these PK features support the suitability of

sitagliptin as an in vivo probe for OAT3 activity.

Currently, benzylpenicillin (penicillin G) is recommended by the FDA as a probe substrate for
OAT3.% However, its suitability is limited by uncertainties regarding the contribution of its
degradation products following oral administration.> Additionally, the observed increase in
the CLg of sitagliptin in the presence of p-aminohippurate suggests the involvement of other
transporters in the elimination of benzylpenicillin, raising concerns about its selectivity for
OAT3.Y72 Furosemide, a dual substrate of OAT1 and OAT3, has been proposed as a potential
alternative for assessing both transporters simultaneously.® However, due to its lack of

transporter specificity, it falls outside the scope of this thesis and is not discussed further.

1.5.5.2.3 Endogenous biomarkers for OAT1 and OAT3

Among the investigated endogenous biomarkers, 4-pyridoxic acid (PDA) has emerged as the
most promising for assessing OAT1 and OAT3 activity, owing to its high sensitivity and
reproducibility.'®® In vitro studies using transporter-overexpressing cell systems confirmed
that PDA is a substrate for human OAT1, OAT3, and OAT4, but not for OCT2, MATE1/2-K,
OATP1B1/1B3, or the sodium taurocholate cotransporting polypeptide.'’® Clinical DDI studies
further support the utility of PDA.'8981 Following administration of the OAT inhibitor
probenecid, PDA plasma exposure increased approximately 3.2- to 3.7-fold, accompanied by
a reduction in CLg.'8%181 Notably, the increase in PDA exposure closely paralleled the increase
in the AUC of furosemide, a recognized OAT1/3 probe, reinforcing the value of PDA as a
translational biomarker for evaluating OAT1/3-mediated DDIs.161182

Other endogenous candidates include homovanillic acid (HVA), taurine,
glycochenodeoxycholate-3-sulfate (GCDCA-S), 6B-hydroxycortisol, and kynurenic acid.®!
Taurine shows selectivity for OAT1, while GCDCA-S and 6B-hydroxycortisol are predominantly
transported by OAT3.161.183,184 GCDCA-S, despite demonstrating high sensitivity in urine-based
assessments, has limited specificity due to additional transport via hepatic OATP1B
transporters.1®18 HVA and kynurenic acid are substrates of both OAT1 and OAT3 but exhibit
lower sensitivity compared to PDA 161,186,187

Although the overlapping substrate specificity of OAT1 and OAT3 poses challenges for

distinguishing individual transporter contributions in vivo, PDA remains the most robust and
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reliable plasma biomarker currently available.'®! Its inclusion is recommended in early-phase
clinical studies where renal transporter inhibition is anticipated.18161,182

1.5.5.3 Renal P-gp activity

1.5.5.3.1 Probe drugs

Digoxin is recommended by regulatory authorities as a probe substrate to evaluate P-gp
activity in the intestinal tract and kidneys.*® As a cardiac glycoside that inhibits Na*/K*-ATPase,
digoxin is rapidly absorbed following oral administration, with an absolute bioavailability
ranging from 60% to 80%.%8 It exhibits approximately 20% plasma protein binding and a large
volume of distribution of around 510 liters in healthy individuals.3 Digoxin undergoes minimal
hepatic metabolism, accounting for approximately 10% and likely involving CYP3A enzymes,
with additional contributions from gut microbial metabolism.> The majority of the drug,
approximately 80%, is excreted unchanged by the kidneys through both glomerular filtration
and active tubular secretion.3 However, active secretion accounts for only one-third of renal
clearance, limiting its sensitivity in detecting renal DDIs.>!# The elimination half-life of digoxin

in individuals without renal impairment is approximately 2 days.>188

The PK profile of digoxin is predominantly influenced by P-gp-mediated efflux at the apical
membranes of enterocytes, hepatocytes, and renal tubular cells.3°11%0 While uptake across
the basolateral membrane may involve transporters such as OATP4C1, and possibly OATP1B3
to a lesser extent, intestinal P-gp remains the primary factor limiting digoxin
absorption.>1%%191 This is evidenced by clinical studies showing that rifampicin, a P-gp inducer,
reduces digoxin’s oral bioavailability by 30% and its Cmax by 52%.1%%192 |n contrast,
fostamatinib, a P-gp inhibitor, markedly increases Cmax by 70% and AUC by 37%.31%
Interestingly, rifampicin has little to no impact on P-gp-mediated transport in the liver or
kidneys.>'%2 However, inhibitors such as verapamil and clarithromycin have been shown to
reduce systemic clearance of digoxin, likely by affecting renal elimination pathways.>°7/1%4
Emerging data suggest that OATP4C1 may also play a critical role in the renal handling of
digoxin, potentially acting as a rate-limiting transporter in secretion.3191:1951% Thjs raises the
possibility that some observed DDIs, previously attributed to P-gp inhibition, may involve
OATPAC1, particularly in cases where the interacting drug lacks specificity, such as

verapamil 3194
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The influence of genetic polymorphisms in P-gp on digoxin pharmacokinetics remains a topic
of debate. Variants in the ABCB1 gene, which encodes P-gp, can affect its expression and
function, thereby altering drug transport.’®” The most extensively studied SNPs include
C1236T (rs1128503), G2677T/A (rs2032582), and C3435T (rs1045642).198199 While C1236T

and C3435T are synonymous mutations, C3435T has been associated with reduced P-gp

200 201

expression in the duodenum,?® placenta,?®* and kidney,??? potentially leading to increased
plasma digoxin levels.?>#2%° G2677T/A, a nonsynonymous variant, has been linked to reduced
transporter activity and increased intracellular drug accumulation.?°32% However, findings
across studies remain inconsistent,°>2% and strong linkage disequilibrium among these SNPs
suggests that haplotype analysis may provide a more accurate assessment of their functional

impact.197'2°6

A recent PopPK study highlighted the potential role of ABCB1 haplotypes in digoxin
disposition.'®” Individuals carrying the TTT/TTT haplotype (homozygous for 1236T, 2677T, and
3435T) or CGC/CGT combinations exhibited approximately 35% higher apparent oral
bioavailability compared to CGC/CGC carriers.’®” Notably, no significant differences in CLr
were observed across genotypes, suggesting that while digoxin may serve as a useful probe
for evaluating intestinal P-gp activity, it is likely suboptimal for assessing renal P-gp

function.31%7

In conclusion, digoxin remains a valuable probe for assessing the impact of P-gp inducers and
inhibitors on intestinal transport, especially at lower doses where P-gp saturation is less likely,
as indicated by its relatively high oral bioavailability.3 However, its specificity is limited, and
the involvement of additional transporters such as OATP4C1 raises concerns about its

reliability for evaluating renal P-gp activity.>3°
1.5.5.3.2 Endogenous substrates
To date, no endogenous probe for P-gp has been identified.6?

1.5.6 In vivo phenotyping for predicting renal TDDIs

Assessing TDDIs in vivo is essential when in vitro studies suggest potential clinically significant
or borderline effects.’® This need stems from the often substantial discrepancies between in
vitro-derived parameters and those observed in vivo, where drug pharmacokinetics are

influenced by complex physiological factors.2%” Although wild-type and gene knockout animal
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models have been used to study transport functions, their predictive value for human
outcomes is limited due to interspecies differences in transporter expression, activity, and

localization.28

To address these limitations, in vivo phenotyping in humans has become a key approach.*
This approach involves the administration of selective probe substrates and the measurement
of PK parameters that reflect the activity of specific transporter.*® It enables quantitative
assessment of how transporter function is modulated by external factors such as co-
administered drugs, dietary influences, genetic polymorphisms, or disease states.*® A key
application of this methodology is the evaluation of TDDIs, particularly the inhibition or

induction of specific transport pathways by candidate drugs.3%°

Given the wide range of transporters and the complexity of their interactions, conducting
individual DDI studies for each transporter is time-consuming and labor-intensive.>*° To
address this challenge, the cocktail approach has been increasingly adopted.>2% This method
involves the simultaneous administration of multiple probe drugs, each selective for a
particular enzyme or transporter, allowing for the concurrent evaluation of several pathways
within a single study.?%82%° Analytical techniques such as high-performance liquid
chromatography coupled with tandem mass spectrometry (HPLC—-MS/MS) allow for the
simultaneous quantification of plasma concentrations and urinary excretion of each probe,
thereby reducing the overall burden of clinical studies.*® Accordingly, the cocktail approach
enhances efficiency, reduces the number of required clinical studies, and provides a more
integrated view of transporter activity, including possible interactions and cooperation
among different transporters.2® However, it comes with challenges: probe substrates must
not interfere with each other, as mutual interactions can lead to misleading PK results.
Additionally, the broad substrate specificity and overlapping functions of many transporters

make the identification of truly selective probes difficult.?®

1.5.6.1 Established renal transporter cocktails and their limitations
Several transporter cocktails including renal transporters have been developed, with varying

degrees of success.

e the “Boehringer” cocktail
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Stopfer et al. introduced a transporter phenotyping cocktail (the “Boehringer cocktail”)
comprising 0.25 mg digoxin (P-gp), 10 mg rosuvastatin (OATP1Bs, BCRP), 500 mg metformin
(OCTs, MATEs), and 5 mg furosemide (OATs).2*® However, when tested in healthy volunteers,
the plasma AUC of rosuvastatin increased by 43%,%'° an effect not predicted by in vitro
studies.?!* Further investigation identified metformin (500 mg) and furosemide (5 mg) as

212

contributors to this increase,*'* prompting a revised cocktail with reduced doses (digoxin 0.25

mg, furosemide 1 mg, metformin 10 mg, rosuvastatin 10 mg).?!3 While the modified cocktail

214 concerns remain

was validated for sensitivity and specificity using transporter inhibitors,
regarding the selectivity of its probe drugs and the appropriateness of its PK parameters for

characterizing transporter function.
e the “Cologne” cocktail

To address concerns regarding the “Boehringer” cocktail, Trueck et al. proposed an
alternative transporter phenotyping cocktail comprising 10 mg adefovir-dipivoxil (OAT1; CLg),
100 mg sitagliptin (OAT3; CLgr), 500 mg metformin (multiple renal transporters; CLg), 2 mg
pitavastatin (OATP1B1; clearance/F), and 0.5 mg digoxin (intestinal and renal P-gp, OATP4C1;
Cmax and CLg). This cocktail exhibited minimal mutual interactions, with only minor effects
observed on adefovir and OAT1 activity.3° Compared to the “Boehringer” cocktail,210:212-214 jt
offered enhanced PK sensitivity by prioritizing renal clearance and secretion over AUC or Cmay,
thereby reducing confounding effects from absorption, distribution, and non-renal
elimination.3® Additionally, it incorporated more selective probe drugs, replacing furosemide

with adefovir for OAT1 and sitagliptin for OAT3.3°

However, several limitations should be acknowledged regarding the proposed “Cologne”
cocktail. In vitro studies have shown that sitagliptin significantly inhibits OCT1- and OCT2-
mediated metformin uptake by more than 70% and 80%, respectively, as well as MATE2-K-
mediated MPP+ uptake by over 30%.1%° These interactions may confound the interpretation
of transporter activity and distort estimates of metformin disposition.'*® Furthermore, as
discussed in the previous sections, using CLz or eGFR-based renal secretion as surrogate
metrics for renal transporter function can introduce bias and may not reliably detect TDDIs.*®
The cocktail also suffers from the lack of highly specific probe substrates, particularly for OCT2
and P-gp, where metformin and digoxin serve as imperfect substitutes due to the absence of
better alternatives.3 Finally, the cocktail has not yet been validated in clinical DDI studies,
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especially for adefovir dipivoxil (OAT1) and sitagliptin (OAT3), both of which lack robust data
on transporter specificity.3® These limitations underscore the need for further refinement of

the cocktail and clinical validation to support its use in assessing TDDIs.3?
e Microdosing as a better alternative

To minimize unexpected DDIs, probe drug doses should be as low as possible, as potent
transporter inhibition in clinical DDI studies can substantially elevate plasma drug
concentrations, increasing the risk of unintended pharmacological or toxicological effects,
particularly in vulnerable populations such as patients with renal impairment, elderly
individuals, and children. A microdosing approach, where probe drugs are administered at 1%
of their therapeutic dose, with a maximum dose of 100 mg, offers a safer alternative, and

advances in HPLC-MS/MS allow for accurate PK profiling even at these low doses.?1>-218

Prueksaritanont et al. developed a microdosing cocktail to assess CYP3A and transporter
function, which includes 10 pg midazolam (CYP3A), 375 ug dabigatran etexilate (intestinal P-
gp), 10 pg pitavastatin (OATP1Bs), 25 pg rosuvastatin (BCRP, OATP1Bs, P-gp), and 50 pg
atorvastatin (OATP1Bs, BCRP, P-gp, CYP3A).>1?1% This cocktail was successfully validated using
known inhibitors.?’® However, microdosing strategies for renal transporters remain

underdeveloped.®!
e Challenges in renal transporter cocktail studies

Despite advancements in in vivo phenotyping technologies, particularly cocktail-based
approaches, several challenges remain in predicting renal TDDIs.2% Existing cocktails, such as
the “Boehringer”210.212-214 gnd “Cologne”?° cocktails, have improved transporter phenotyping,
but some limitations hinder their broader applicability. In addition to the specific issues
previously discussed for each approach, one major limitation is the lack of clinical validation,
particularly in populations with immature (developing) renal function, such as pediatric
patients, and in those with impaired renal function, including elderly and critically ill
individuals. Addressing these challenges is essential to enhance the clinical relevance of renal

transporter phenotyping.
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1.5.7 Understanding probe PK in phenotyping cocktails using PopPK modeling

In transporter and enzyme phenotyping studies, DDI assessments commonly rely on
evaluating changes in phenotyping metrics such as Cmax and AUC of probe substrates
administered as part of a cocktail approach,® These metrics are typically analyzed using
noncompartmental analysis (NCA) and compared across study periods using the standard
average bioequivalence method, with predefined acceptance boundaries for the geometric
mean ratio (0.80 to 1.25).193° Although this approach can be sufficient for ruling out clinically
significant interactions involving specific probe drugs and transporters when performed
under well-controlled conditions, it provides limited mechanistic insight.’®” In particular, it
does not reveal the specific site or process affected by a perpetrator drug, which limits its
usefulness in accurately predicting DDIs or explaining the mechanisms underlying altered

drug exposure.'®’

To better understand the mechanisms underlying observed PK changes in DDI studies,
especially in the context of complex or multi-site interactions, a detailed PK assessment is
essential and can be effectively supported by modeling and simulation approaches.>'%” This
is especially important when a single enzyme or transporter, such as CYP3A4!89220 or p-

197 is expressed across multiple tissues, resulting in variable DDI effects.?

glycoprotein,
Similarly, different probe substrates for the same enzyme (e.g., tizanidine vs. caffeine for
CYP1A2, or dextromethorphan vs. desipramine for CYP2D6),'® may exhibit different
interaction profiles.? These differences may be better explained by a more detailed PK

characterization of each probe.

Model-based PK approaches allow for a dynamic and mechanistic interpretation of drug
interactions by capturing the full concentration—time profiles of both probe and perpetrator
drugs.> Among available modeling strategies, semi-physiological PopPK models and
physiologically based pharmacokinetic (PBPK) models are widely used.? This thesis focuses on
the application of PopPK modeling as a flexible and data-driven approach to characterize the
pharmacokinetics of probe substrates within phenotyping cocktails and to identify potential

interactions.

PopPK modeling estimates typical PK parameters and characterizes their variability across

individuals.??! By analyzing concentration-time data from healthy volunteers or patients,
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PopPK models quantify sources of variability, including inter-individual variability (IIV), inter-
occasion variability (IOV), and residual error, which may arise from assay imprecision or
inconsistencies in sampling. Incorporating clinical and demographic covariates into the model

helps explain part of this variability and improves the model’s predictive performance.???

In the context of DDI studies, PopPK modeling offers several advantages over NCA. It allows
for the identification of parameters associated with specific PK processes, such as absorption,
metabolism, and renal elimination.'®” This enables localization of interactions to physiological
sites like the intestine, liver, or kidney.'®” Moreover, PopPK models can account for nonlinear
processes, including saturable metabolism or transporter-mediated clearance,® and can
integrate pharmacogenomic variability.'®” These features provide mechanistic insights into
the underlying causes of observed interactions and support a more detailed understanding of

how DDlIs influence drug exposure.

Furthermore, PopPK modelling and simulation techniques are powerful tools for optimizing
clinical trial design. They inform decisions on dosing regimens, sampling schedules, and
sample sizes, ultimately improving the efficiency and interpretability of DDI investigations.?%?
Overall, PopPK modeling enhances both the mechanistic understanding and clinical utility of

assessing DDIs through phenotyping approaches.
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2. Aims and objectives

The overarching aim of the projects presented in this dissertation is to enhance the evaluation
of renal PK processes by improving methods for the accurate quantification of GFR and renal

transporter activity. The work is structured around the following key objectives:

1. To establish a practical method for estimating iohexol clearance after administration of a
standard dose. This involves the use of optimized correction formulas and simplified PK

models to improve accuracy and feasibility in GFR assessment. (Publication I)

2. To validate low-dose iohexol as a reliable GFR marker through comprehensive in vitro and
in vivo studies. These investigations support its potential integration into standard clinical
protocols to improve patient safety, and enable its use as a selective GFR probe in renal
transporter phenotyping studies for more precise assessment of renal secretion and TDDIs in

vivo. (Publication II)

3. To re-evaluate the suitability of adefovir as a phenotyping probe for OAT1 within a clinical
drug transporter phenotyping cocktail. This objective includes a detailed assessment of
potential DDIs between adefovir and other cocktail components, including sitagliptin,

metformin, pitavastatin, and digoxin, using a PopPK modeling approach. (Publication llI)

36



3. Relevant publications and contributions

3.1 Publication |
Title: Improved correction formulas to estimate iohexol clearance from simple models

Author: Qian Dong?, Uwe Fuhr?, Elke Schaeffner?, Markus van der Giet?, Natalie Ebert?, Max

Taubert?!
Institution:

1. Department | of Pharmacology, Center for Pharmacology, Faculty of Medicine and
University Hospital Cologne, University of Cologne, Gleueler Stralle 24, Cologne 50931,

Germany
2. Institute of Public Health, Charité Universitatsmedizin Berlin, Berlin, Germany
3. Department of Nephrology, Charité Universitatsmedizin Berlin, Berlin, Germany

Published in: European Journal of Clinical Pharmacology, 2023; 79(9):1215-1217.
doi:10.1007/s00228-023-03535-y

Qian Dong contributed to this publication as follows:

Qian Dong conceived and designed the study in collaboration with Max Taubert. Qian Dong
analyzed and interpreted the data together with Max Taubert. Additionally, Qian Dong
drafted the initial manuscript and finalized it with substantial input and support from Max
Taubert and Uwe Fuhr. All authors contributed to the revision and final approval of the
manuscript.
Cooperation:
Cooperation Partners:

e Institute of Public Health, Charité Universitatsmedizin Berlin, Berlin, Germany

e Department of Nephrology, Charité Universitatsmedizin Berlin, Berlin, Germany

Scope of Cooperation:

Univ.-Prof. Dr. Elke Schaeffner and PD Dr. med. Natalie Ebert from the Institute of Public
Health, along with Prof. Prof. h.c. Dr. med. Markus van der Giet from the Department of

Nephrology at Charité Universitatsmedizin Berlin, contributed to data acquisition.
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Background and objectives

lohexol plasma clearance has emerged as a preferred method for accurately measuring GFR
in both clinical practice and research.!'® However, the choice of the most suitable PK model
for analyzing iohexol concentrations remains under debate. Previous analyses using BIS
data®3? indicated that a three-compartment PK model provides more accurate clearance
estimates than the conventional two-compartment model, particularly in elderly
individuals.*'” Although this model improves precision, its application in routine practice is

limited by the complexity of Bayesian software and the technical expertise required.'’

An alternative approach to mitigate bias arising from model simplifications is the use of
correction formulas applied to clearance estimates derived from simpler one- or two-
compartment models. Established correction methods, such as the Bréchner-Mortensen
(BM)?23 and Chantler (Ch)??* equations, have shown good performance in adjusting iohexol
plasma clearance estimates based on a one-compartment approximation, using the full two-
compartment clearance as the reference.??> However, their ability to correct both one- and
two-compartment iohexol clearance estimates when compared against a three-compartment
clearance reference has not yet been evaluated. This study addresses this gap by examining
the extent to which these correction formulas can enhance the accuracy of simplified iohexol

clearance estimates relative to a three-compartment standard.*
Methods

Data from the BIS, including 546 individuals with data obtained up to 300 min post-injection,
were evaluated.'”132 One-, two-, and three-compartment models were used to estimate
iohexol clearance (CL1, CL2, and CL3), respectively. CL1 was estimated based on the slow
component of iohexol concentrations 120 to 300 min post-dose, CL2 was estimated based on
the protocol by Schwartz et al.??® as carried out in the BIS,*32 and CL3 was estimated using the
empirical Bayes approach based on the three-compartment model.''” Equations resembling
the BM?22 and Ch?%* formulas were then fitted to correct CL1 and CL2 results, using CL3 as the

227 \was utilized to assess the bias and root mean

reference. A leave-one-out cross-validation
squared error (RMSE), as well as to evaluate Lin’s concordance correlation coefficient (CCC)?%8
and the relative total deviation index (TDI) for a range of coverage probabilities (CP).2?° A TDI

<10% for a CP of 90% (TDlgo) and an at least substantial CCC of > 0.95 were considered optimal.
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R version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria), the nonlinear mixed-
effects modeling program NONMEM version 7.5.0 (ICON plc, Dublin, Ireland), and Perl speaks
NONMEM (PsN) version 5.2.6 (Uppsala University, Uppsala, Sweden)?*° were used as

statistical software.
Results

The correction formulas demonstrated good agreement with the reference clearance values
(CL3), regardless of whether they were based on CL1 or CL2.# All equations yielded an absolute
bias of less than 1 mL/min, with RMSE values ranging from 2.92 to 4.08 mL/min, and showed
substantial concordance.* Overall, CL2-based correction formulas consistently outperformed
their CL1-based counterparts, as evidenced by lower bias, reduced RMSE, higher CCC, and
smaller TDlgo values.* Importantly, only the CL2-based equations achieved the predefined
TDlgo target.* While the choice between BM-like and Ch-like equations made little difference
among CL2-based formulas, for CL1-based formulas, the BM-like equation showed a notably

smaller absolute bias (-0.0949 mL/min) than the Ch-like equation (-0.357 mL/min).*
Conclusion

In summary, our findings indicate that correction formulas applied to one- or two-
compartment models can provide reliable iohexol clearance estimates while reducing the
complexity of three-compartment modeling.* The selection of an appropriate correction
formula should be guided by the available compartment model and clinical requirements,

ensuring a balance between accuracy and practicality.
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3.2 Publication Il

Title: Validating low-dose iohexol as a marker for glomerular filtration rate by in vitro and in

vivo studies

Author: Qian Dong?, Zhendong Chen?, Jana Boland?, Charalambos Dokos?, Yohannes Hagos?,

Annett Kiihne?, Max Taubert?, Dirk Griindemann?, Uwe Fuhr!

Institution:
1. Department of Pharmacology, Center for Pharmacology, Faculty of Medicine and University
Hospital Cologne, University of Cologne, Cologne, Germany.

2. PortaCellTec Biosciences GmbH, Gottingen, Germany.

Published in: Clinical and Translational Science, 2025; 18(2):e70141. doi:10.1111/cts.70141

Qian Dong contributed to this publication as follows:

Qian Dong conducted in vitro experiments for OCT1/2, OAT1/3, and MATE1/2-K under the
guidance of Dirk Griindemann and Uwe Fuhr, with additional support from Yohannes Hagos
and Annett Kihne for the OATP1B1/1B3 and MDR1 experiments. Qian Dong collaborated
with Uwe Fuhr, Zhendong Chen, Jana Boland, and Charalambos Dokos in conducting the
clinical trial. Additionally, Qian Dong analyzed the data from both in vitro and in vivo studies,
with some support from Zhendong Chen, Max Taubert, Yohannes Hagos, and Annett Kiihne.
Qian Dong drafted the initial manuscript and finalized it with substantial input and support

from Uwe Fuhr.

Cooperation:
Cooperation Partners
e Prof. Dr. rer. nat. Dirk Griindemann’s Lab, Department of Pharmacology, Faculty of
Medicine and University Hospital Cologne, University of Cologne, Gleueler StralRe 24,
Cologne50931, Germany.
e PortaCellTec Biosciences GmbH, Géttingen, Germany.
Scope of Cooperation
e In vitro experiments for OCT1/2, OAT1/3, and MATE1/2-K were conducted by Qian
Dong in Prof. Dr. rer. nat. Dirk Griindemann’s lab. The work was carried out under the

scientific guidance of Univ.-Prof. Dr. Uwe Fuhr and Prof. Dr. rer. nat. Dirk Griindemann.
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Due to limitations in available resources and methods for conducting in vitro
experiments on OATP1B1/1B3 and MDR1, Prof. Dr. rer. nat. Yohannes Hagos and Dr.
rer. nat. Annett Kilhne from PortaCellTec Biosciences GmbH kindly supported this

work by performing the experiments in their laboratory.
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Background and objectives

Accurate GFR estimation is essential for evaluating kidney function.?® “Serum creatinine
concentrations and/or creatinine clearance are commonly used to this end.*® However, renal
elimination of creatinine is not only mediated by glomerular filtration but also by renal
transporters.” “Therefore, creatinine-based GFR estimations may be biased and influenced
by TDDIs!!6113 ”5 Additionally, both creatinine and cystatin C are affected by non-GFR factors,

potentially leading to inaccuracies.?3!

lohexol plasma clearance following a single dose (typically 3,235 mg) has emerged as a
reliable method for GFR quantification, as it is presumed to be eliminated exclusively via
glomerular filtration.'® However, its use remains limited, partly due to an incomplete
understanding of its PK.> While iohexol elimination in humans is generally considered to occur
solely through glomerular filtration, some evidence suggests a potential role for membrane
transporters.3141-143 |f johexol interacts with transporters, it could introduce nonlinearity in
its PK, particularly at low concentrations, making it susceptible to TDDIs.” Similar to creatinine,

such interactions could lead to discrepancies between iohexol clearance and true GFR.>

These potential limitations also impact the integration of iohexol as a GFR marker in probe
drug cocktails designed for renal transporter phenotyping.>® Additionally, since ADRs of
iohexol are dose-dependent, a lower dose would be preferable, especially for patients with

impaired renal function or those requiring frequent GFR monitoring.>137/138

This study aimed to: (i) Investigate potential interactions between iohexol and key drug
transporters in vitro. (ii) Evaluate whether a 259 mg dose of iohexol could serve as an

alternative to the standard dose in vivo.

Methods

We assessed whether iohexol inhibits or is transported by renal transporters (OAT1/3, OCT2,
and MATE1/2-K) or other transporters (OATP1B1/3,0CT1, and MDR1) utilizing both cell-based
and vesicle-based in vitro methods.> In addition, we conducted an in vivo clinical study
including 12 volunteers, administering single intravenous doses of 3235 mg ("reference") and
259 mg ("test") utilizing a crossover design.”> Plasma and urine samples were obtained up to

24 hours following administration.” We evaluated dose linearity of iohexol pharmacokinetics
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utilizing the standard bioequivalence methodology?3? and performed a PopPK analysis to
characterize its profile.”

Results

“Our in vitro findings indicate that iohexol is neither a substrate nor a significant inhibitor of
the transporters, suggesting it is unlikely to participate in TDDIs in vivo.”> “Twelve healthy
subjects (7 females) with a median body mass index of 24.4 kg/m? (range: 21.2 - 28.9 kg/m?)
and a median age of 34 years (range: 23 - 48 years) participated in the relevant part of the
trial.”> The 90% confidence intervals (Cls) for the test-to-reference ratios were 1.01 (0.968—
1.05) for iohexol clearance, defined as dose divided by AUC, and 1.06 (0.960-1.17) for urinary
recovery, respectively.” “These values fall within the standard bioequivalence range of 0.800—
1.25, indicating that the AUC increased proportionally with the iohexol dose.”® PopPK analysis
corroborated these results, demonstrating no significant impact of dose on CLg and negligible
nonrenal elimination of iohexol.>

Conclusion

Our research verifies that iohexol is exclusively eliminated via the kidneys, without significant
interaction with key drug transporters, and adheres to a nonsaturable clearance mechanism.>
Additionally, we confirmed its dose-proportional pharmacokinetics in vivo.> These data
endorse the utilization of a 259 mg dosage as a precise marker for GFR, even when

concomitant medications are provided.®
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3.3 Publication IlI

Title: Understanding adefovir pharmacokinetics as a component of a transporter phenotyping

cocktail

Qian Dong?, Chunli Chen'?, Max Taubert!, Muhammad Bilal'3, Martina Kinzig®, Fritz Sérgel?,

Oliver Scherf-Clavel®>, Uwe Fuhr?!, Charalambos Dokos?

1. Department | of Pharmacology, Center for Pharmacology, Faculty of Medicine and
University Hospital Cologne, University of Cologne, Gleueler Stralle 24, Cologne 50931,

Germany.

2. Heilongjiang Key Laboratory for Animal Disease Control and Pharmaceutical Development,
College of Veterinary Medicine, Northeast Agricultural University, 600 Changjiang Road,
Xiangfang District, Harbin 150030, People’s Republic of China.

3. Department of Clinical Pharmacy, Institute of Pharmacy, University of Bonn, Bonn,

Germany.
4. Institute for Biomedical and Pharmaceutical Research, Nirnberg-Heroldsberg, Germany.

5. Department Pharmazie, Ludwig-Maximilians-Universitat Minchen, Butenandtstr. 5, 81377

Minchen, Germany.

Published in: European Journal of Clinical Pharmacology, 2024; 80(7):1069-1078.
doi:10.1007/s00228-024-03673-x

Qian Dong contributed to this publication as follows:

Qian Dong organized the database and conducted data analyses in collaboration with Chunli
Chen, Max Taubert, and Muhammad Bilal. Qian Dong drafted the initial manuscript and
finalized it with substantial input and support from Max Taubert and Uwe Fuhr. Additionally,
Qian Dong contributed to the conception and design of the research in collaboration with all
authors. Uwe Fuhr provided the data and supervised the project, while all authors reviewed

and approved the final submitted version of the manuscript.

Cooperation:
Cooperation Partners:

No external cooperation partners were involved in this project.
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Scope of Cooperation:

This project was conducted independently without external collaborations.
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Background and objective

In an earlier transporter phenotyping study, adefovir (dipivoxil) was employed as a probe drug
to evaluate the activity of renal OAT1, with CLg serving as the primary metric for quantifying
transporter function.>*® When administered alongside other cocktail components
(metformin, sitagliptin, pitavastatin, and digoxin), adefovir exhibited an approximately 20%
increase in systemic exposure compared to its administration alone.?® To further investigate
this observation, the present study applied a PopPK modeling approach for a more in-depth
characterization of adefovir’s pharmacokinetics within the cocktail.®

Methods:

Data from 24 healthy participants were reanalyzed.?® Following the establishment of a base
model, the impacts of covariates, including the influence of co-administered medications,
were evaluated using forward inclusion and a subsequent backward elimination strategy.®
Results:

A one-compartment model with first-order absorption (including a lag time) and combined
nonlinear renal and linear nonrenal elimination processes provided the best fit to the data.®
Compared to single administration, co-administration resulted in a markedly higher apparent
bioavailability (73.6% vs. 59.0%) and a lower apparent absorption rate constant (2.29 h™ vs.
5.18 h™"), while renal elimination parameters remained unaffected.® The Kn for nonlinear
renal clearance was estimated at 170 nmol/L, exceeding the maximum observed plasma
concentrations of adefovir, and the Vmax was 2.40 umol/h, corresponding to a median
absolute estimated GFR of 105 mL/min.®

Conclusion:

In summary, the PopPK modeling results suggest that the observed minor DDI for adefovir
primarily stemmed from alterations in its apparent absorption and/or prodrug conversion,
rather than changes in renal elimination.® The stability of renal elimination supports the
continued use of CLg as a reliable marker for evaluating renal OAT1 activity under the dosing
conditions applied in the cocktail study.® Moreover, the elevated K, value indicates minimal
risk of mischaracterization.® These conclusions align well with the principles outlined in the

ICH M12 Guideline.?®
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4. Summary

This cumulative dissertation comprises three publications that collectively advance the
assessment of individual renal PK processes by refining methods for the precise quantification
of GFR and renal transporter-mediated active net secretion, as detailed in the previous
section: “3. Relevant publications and contributions”. The following sections provide a
summary of the key findings, discuss the limitations of the proposed approaches, and outline

potential future directions.
4.1 Key findings
By integrating three complementary studies, this cumulative dissertation demonstrates that:

1. Simple compartment models, when combined with appropriate correction formulas, may
serve as practical alternatives to complex modeling approaches for estimating iohexol-based

GFR (Publication I);

2. Low-dose iohexol exhibits linear and predictable pharmacokinetics, with negligible
interaction with drug transporters, thereby supporting its use as a safe and reliable marker

for GFR in both clinical and research settings (Publication Il);

3. PopPK modeling provides mechanistic insight into PK alterations observed in transporter
phenotyping studies, which may reflect underlying drug interactions, and supports the
continued use of adefovir as a probe for OAT1 activity under appropriately controlled

conditions (Publication IIl).

Collectively, these findings contribute to more mechanistically grounded and clinically
feasible approaches for evaluating renal function and drug elimination. These methodological
advancements may further enhance clinical decision-making, particularly in patient
populations with altered kidney function, and support the design of DDI studies, including

those focused on renal transporter phenotyping.
4.2 Limitations

While the studies presented in this dissertation advance methodologies for GFR
measurement and enhance the understanding of active renal secretion, several limitations

should be acknowledged.
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Publication | evaluated simplified correction formulas for estimating iohexol clearance.
Although these models improved usability, they demonstrated a slight reduction in accuracy
and precision relative to the three-compartment model, warranting caution in clinical
application. Moreover, the current reliance on linear correction formulas may not adequately

capture the PK complexities present in certain clinical scenarios.**°

Publication Il included both in vitro and in vivo evaluations of low-dose iohexol as a GFR
marker.®> The in vitro findings are limited by the experimental systems, which may not fully
replicate renal physiological complexity.”> Additionally, assay variability observed across
experimental days, consistent with previous studies,'*® may be attributed to differences in
cell density and transfection timing, which influence transporter expression on the plasma
membrane. However, this variability does not affect the overall conclusions of the study.” In
the clinical study, although the findings support the feasibility of low-dose iohexol for GFR
assessment, the exclusive inclusion of healthy volunteers, as in Publication I, limits the
generalizability of the results.**** Furthermore, although dense sampling enabled precise PK
profiling in a research context, such sampling protocols are not feasible in routine clinical
practice. While limited sampling strategy (LSS) have been established in healthy individuals!33
and may also apply to critically ill patients, their suitability in such populations remains

uncertain.®

Publication Ill presented a PopPK analysis of adefovir, revealing nonlinear renal elimination.®

However, the study was conducted solely in healthy adults receiving a single standard dose,
which restricts insights into dose-dependent nonlinearities and limits the applicability of the
findings to patients with impaired renal function.® Furthermore, mechanistic modeling efforts
to jointly characterize glomerular filtration and active tubular secretion resulted in unstable

parameter estimates, thereby limiting the physiological interpretability of the model.®

In summary, the studies presented in this dissertation are limited by the lack of validation in
diverse clinical populations and challenges in model stability and physiological interpretability.
These limitations constrain the broader clinical relevance and translational potential of the

current work.
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4.3 Future directions

4.3.1 Advancing GFR assessment in diverse patient groups

The iohexol-based GFR measurement approaches developed in this dissertation, including
improved correction formulas and low-dose protocols, have demonstrated acceptable
accuracy and precision.*> However, their validation has been largely confined to controlled
settings, as discussed in Section “4.2 Limitations”. Consequently, the applicability of these
methods to broader clinical populations remains unclear.*** To enhance clinical applicability,
future research should prioritize validation of these methodologies across a diverse spectrum
of patient groups, including individuals with moderate to severe kidney dysfunction, pediatric
and geriatric populations, and patients with comorbid conditions such as diabetes mellitus,
cardiovascular disease, or chronic inflammatory disorders.?® These factors are known to
influence drug disposition and may significantly affect iohexol kinetics.*° Although dose
proportionality has generally been preserved across renal function levels,”> further
confirmation is required, particularly in the context of low-dose protocols and limited

sampling designs intended for clinical use.®

Moreover, accurately tracking changes in GFR during AKI remains a significant challenge.*4?
Dixon et al. demonstrated that although continuous infusion of low-dose iohexol (CILDI) takes
time to reach equilibrium in critically ill patients, it allows for real-time monitoring of GFR with
high precision and sensitivity, providing advantages over the traditional single bolus injection
(SBI) method.**?2 However, both CILDI and SBI are too cumbersome for routine clinical
use.*42 These drawbacks show the need for alternative strategies. One promising approach
is the development of correction formulas to estimate iohexol clearance using simplified
models.* As discussed in the “4.2 Limitations” section, exploring non-linear correction models,
rather than relying solely on linear methods, may improve accuracy, especially in patients
with atypical body composition, altered extracellular fluid volumes, or rapidly changing renal
function.* Such conditions are common in acute and intensive care settings and may
significantly influence iohexol pharmacokinetics, leading to inaccurate GFR estimates if

standard assumptions are applied.*4344

Beyond traditional GFR measurement methods such as iohexol clearance, future studies
should prioritize the development and clinical validation of non-invasive, real-time techniques
for assessing renal function.?3%3* Among these, MB-102 has emerged as a promising tool,
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enabling continuous, real-time GFR monitoring through transdermal fluorescence
detection.?3* This approach minimizes patient burden and holds potential for point-of-care
applications.?* In parallel, rhodamine-based dual fluorescent tracers offer a non-invasive
method for simultaneously assessing both GFR and plasma volume, typically using optical
detection systems.?3* These innovative technologies provide dynamic and accurate
monitoring of renal function and are particularly valuable in acute and perioperative care
settings, where rapid changes in kidney function are common.?3* To support their clinical
translation and broader adoption, it is essential not only to enhance their sensitivity and
practical utility but also to establish standardized testing protocols and calibrate their
performance against gold-standard reference methods.?33234 In addition, a thorough
understanding of the pharmacokinetics, safety profiles, and potential variability of these
tracers in diverse patient populations, including critically ill individuals, neonates, and those
with significant fluid imbalances, is essential to support their clinical application.?3* As these
technologies continue to evolve, they have the potential to significantly advance renal
diagnostics by enabling earlier detection of dysfunction, informing individualized treatment

strategies, and ultimately improving patient outcomes.?3*

In parallel with mGFR methodologies explored in this dissertation, recent research has
increasingly focused on enhancing eGFR through the use of multi-marker panels.!t®
Traditional eGFR approaches that rely on single endogenous filtration markers, such as serum
creatinine or cystatin C, are limited by the influence of non-GFR determinants, which can
introduce bias and reduce accuracy.*® Emerging strategies seek to address these limitations
by incorporating panels of filtration markers, including low-molecular-weight proteins (such
as PB2-microglobulin and B-trace protein) and metabolites (such as pseudouridine).'*
“Including more markers minimizes the impact of non-GFR determinants of each marker and
lessens the need to use demographics and clinical characteristics as surrogates for the non-
GFR determinants, with increasing precision as the number of markers increases.”'
Furthermore, the application of machine learning methods has been proposed to refine
panel-based eGFR by identifying and down-weighting discordant markers, facilitating more
accurate and individualized GFR estimation.'?> While panel-based eGFR approaches remain
in the developmental stage, they represent a complementary and non-invasive strategy for

kidney function assessment, particularly where direct GFR measurement is not feasible.!
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However, their clinical translation will require robust standardization of marker assays and

validation against measured GFR.1%®

In summary, expanding validation to broader clinical scenarios and improving correction
methods are key to establishing iohexol-based GFR measurement as a reliable tool for routine
use.*>133 Simultaneously, advancing complementary strategies such as non-invasive tracer-
based methods and multi-marker eGFR estimation will enrich the clinical toolkit for renal

function assessment, especially in settings where direct measurement is challenging.1>233

4.3.2 Further improvement and validation of the current cocktail approach

While current transporter phenotyping cocktails have demonstrated utility in assessing
transporter function,'#¢208 there remains substantial scope for enhancing both their design
and practical application. The following directions outline potential avenues for advancing the

field.
4.3.2.1 Optimization of probe drug doses in phenotyping cocktails

A critical aspect of refining transporter cocktails involves optimizing the doses of individual
probe drugs. Appropriate dose adjustments can reduce the risk of unintended TDDIs within
the cocktail and enhance overall safety, especially in populations at risk for toxicity. One well-
documented example is the optimization of the “Boehringer” cocktail, where lowering the
doses of metformin and furosemide led to a reduced impact on rosuvastatin exposure 20212
214 These modifications improved the reliability of the cocktail for assessing TDDIs during drug

development,210.212-214

In this dissertation, adefovir data from the “Cologne” transporter cocktail study3® were
reanalyzed using PopPK modeling to investigate intra-cocktail DDIs.® The results indicated
that while adefovir remains a promising probe for OAT1 phenotyping, a reduced dose could
help minimize interactions with other cocktail components.® In addition, in vitro validation of
the same cocktail study showed that sitagliptin, which serves as the OAT3 probe, substantially
inhibits OCT2.1#° This finding aligns with a borderline inhibition of metformin CLg observed in
the clinical study.3® Together, these results support a reduction in the doses of sitagliptin and

possibly metformin to improve the specificity and safety profile of the cocktail.3%14°
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Although minimizing probe drug doses is desirable to reduce ADRs and the risk of PK
interactions caused by the probe as a perpetrator, reducing doses below established
thresholds may compromise their ability to reliably reflect transporter or enzyme activity.?
Therefore, any proposed lower dose requires independent validation to ensure the
robustness of phenotyping results.> For example, at microdose levels, warfarin and
dextromethorphan, typically used to assess CYP2C9 and CYP2D6 activity, respectively, failed
to exhibit the expected genotype-dependent differences, likely due to their complex
pharmacokinetics and involvement in multiple metabolic pathways.>?3>237 This highlights the
need for dose-specific validation to confirm the specificity and sensitivity of low-dose

strategies in phenotyping applications.3

In summary, future studies should consider validating optimized probe doses in phenotyping
cocktails, such as the “Cologne” cocktail,® to ensure that dose adjustments do not

compromise the reliability of phenotyping performance.?
4.3.2.2 Refining transporter phenotyping with selective metrics

While the development of selective probe drugs remains essential for distinguishing closely
related PK processes in key organs such as the intestine, liver, and kidney, relying exclusively
on probe selection poses considerable challenges.? Future approaches to transporter
phenotyping should therefore integrate more selective and physiologically relevant PK and
pharmacodynamic (PD) endpoints, as well as emerging techniques that enhance the

mechanistic understanding of TDDIs.31%8

For renal transporters, net renal secretion can serve as a more appropriate metric of
transporter activity than overall CLg, as it more directly reflects active transport processes.?
However, many transporters are expressed across multiple organs and mediate distinct
processes in a tissue-specific manner. For example, P-gp limits drug absorption in the intestine,
facilitates biliary excretion in the liver, and contributes to tubular secretion in the kidney.?
These diverse functions collectively shape the systemic disposition of P-gp substrates like
digoxin.? Therefore, assessing only renal or systemic PK parameters may not fully capture or
localize TDDIs. A more informative strategy for transporter phenotyping involves integrating
a wider array of PK metrics that reflect site-specific transporter activity. For intestinal P-gp,

parameters such as Cmax, partial AUC, and absorption rate constants can serve as indirect but
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informative indicators of its functional role.? Similarly, nonrenal clearance can provide insight
into hepatic transporter activity.? These complementary PK parameters help disentangle the
contributions of individual transporters across different organs and better explain changes in

systemic exposure (e.g., AUC changes), which often reflect combined transporter effects.3

However, not all mechanistically informative metrics are feasible to obtain in routine clinical
DDI studies. Some require invasive sampling, such as portal vein blood or bile collection, while
others reflect intracellular processes or in vivo binding kinetics that are difficult to assess
directly.® For example, inhibition of efflux transporters such as P-gp and BCRP may cause
intracellular drug accumulation and toxicity in organs of elimination, even in the absence of
changes in systemic PK profiles.1>8238-240 Thjs |imitation reduces the sensitivity of traditional
probe substrate approaches in detecting such localized effects.'®® To overcome these
limitations, modeling and simulation techniques are essential for predicting intracellular
concentrations of transporter substrates and inhibitors, and for linking these to systemic or
PD responses.'® Such predictions can be validated in clinical settings, especially for scenarios

where direct measurement in humans is not feasible.1>8195239,241

As a complementary approach in transporter phenotyping, incorporating an internal
reference compound unaffected by transporter-mediated disposition can enhance the
interpretability of probe substrate pharmacokinetics. In this context, low-dose iohexol, which
is validated in this dissertation as a reliable marker of GFR,” offers distinct advantages. Its
inclusion in renal transporter phenotyping studies may help differentiate passive glomerular
filtration from active tubular secretion, thereby improving the specificity and accuracy of

renal transporter activity assessments.>

Beyond its utility in GFR estimation, reference compounds such as iohexol, which have well-
characterized PK profiles,® can also strengthen urinary PK analyses. Urine sampling, as a non-
invasive and widely used method in renal transporter phenotyping, offers critical insights into
renal excretory function.?”158242.243 gpecifically, since alterations in transporter-mediated
tubular secretion may not be readily detectable through plasma concentrations alone, the
comparison of urinary excretion with systemic PK data provides a sensitive approach for
identifying renal TDDIs.>® Moreover, changes in urinary drug recovery can signal alterations
in oral bioavailability,’>8243 and such integrated data are essential for refining model-based
predictions of renal drug exposure.>® However, urinary PK analyses are susceptible to sources
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of error, such as incomplete urine collection, which may compromise data reliability. In this
context, internal reference compounds like iohexol, particularly when used alongside
modeling and simulation techniques, can help identify and correct such inconsistencies. This
strategy enhances the robustness of urinary PK assessments for both endogenous and

exogenous transporter substrates and has been successfully applied in recent studies.!3®

A broader challenge in phenotyping research is the insufficient validation of PK metrics
against tissue-specific transporter or enzyme expression and activity.? To address this, future
work should focus on linking PK parameters, such as clearance and AUC, with localized
biological function at the organ level. This is especially important for proteins with widespread
or overlapping tissue distribution, such as P-gp and CYP3A4.2 In this regard, integrating
guantitative proteomics data with PBPK modeling offers a promising path to better

mechanistic interpretation of systemic PK profiles.

In selected cases, PD endpoints can provide complementary information to PK assessments.
For example, the glucose-lowering effect of metformin indirectly reflects not only its systemic
exposure but also its transporter-mediated distribution and elimination.?**#?*> However, the
broader application of PD markers remains constrained by an incomplete understanding of
PK—PD relationships and the limited availability of reliable and quantifiable outcome

measures.

Finally, advancing the field will require the development of novel biomarkers and imaging
technologies, such as positron emission tomography (PET), to directly visualize transporter
and enzyme activity in vivo.?4248 Such advances could enhance the precision of phenotyping

strategies and improve the prediction of transporter- and enzyme-mediated DDls.

In summary, advancing the phenotyping approach requires the integration of more selective
PK and PD metrics, the use of internal reference compounds, and the application of modeling
and simulation techniques to improve the prediction of DDIs and ultimately support safer and

more effective drug development.
4.3.2.3 Integration of endogenous biomarkers and LSS

To enhance the scalability of transporter phenotyping and minimize the clinical burden,
future research could benefit from integrating endogenous biomarkers with LSS.31°8

Endogenous biomarkers are naturally occurring compounds whose disposition reflects
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transporter activity and can serve as indicators of altered transporter function in vivo.*>® This
approach offers a potentially cost-effective means to evaluate the transporter-modulating
properties of NMEs during early drug development.'*® When coupled with pharmacometric
modeling, LSS enables the estimation of PK parameters using only a few strategically timed

samples or even a single time point, streamlining clinical evaluations.?

This integrated approach is particularly valuable in clinical and epidemiological studies where
frequent or intensive sampling is logistically challenging or ethically constrained.® A recent
example demonstrated the utility of this methodology using a joint pharmacometric model
for iohexol and creatinine.'*® Following low-dose iohexol administration (259 mg), accurate
estimates of both GFR and net creatinine tubular secretion mediated by renal transporters
were obtained from a single plasma sample at 5 hours post-dose, and a 0-5 hour urine
collection.3® These results highlight the potential for simplified protocols that simultaneously
assess renal function and transporter activity through the combined use of endogenous

biomarkers, LSS, and pharmacometric modeling.!3®

Despite these promising developments, several challenges remain. Progress in endogenous
biomarker discovery has been concentrated on specific transporters such as hepatic OATP1B1
(e.g., coproporphyrin | [CPI]), renal OCT2/MATE1/2-K (e.g., creatinine, NMN), and renal
OAT1/3 (e.g., PDA).'>® However, suitable biomarkers for intestinal efflux transporters,
including P-gp, remain unavailable, and data on BCRP are limited.?>® Moreover, while CPI has
been widely studied as a marker for OATP1B activity in populations with renal or hepatic
impairment, hyperlipidemia, rheumatoid arthritis, and some cancers,?*>2°? baseline values for
CPl in other patient groups remain undefined.?>® Similarly, there is still a lack of validated
endogenous biomarkers for non-hepatic transporters, particularly those expressed in the

kidney and intestine.'>®

Another complicating factor is that disease states affect not only transporter function but also
the synthesis and elimination of endogenous biomarkers, adding complexity to biomarker-
based transporter phenotyping.'>® In particular, recent modeling of CPI in individuals with
renal impairment has demonstrated that disease-related alterations extend beyond impaired
renal clearance.?®® The analysis demonstrated substantial reductions in CPl synthesis,
impaired hepatic uptake via OATP1B1, and a decline in plasma protein binding.?>! These
overlapping physiological disturbances complicate the interpretation of biomarker data.'>®
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Therefore, there is a critical need for refined PK models capable of deconvoluting these
interacting effects to improve the accuracy, interpretability, and clinical applicability of

transporter phenotyping across heterogeneous patient populations.'>®

Looking ahead, emerging technologies such as liquid biopsy using small extracellular vesicles

158 SEVs can provide a minimally

(seVs) hold promise for advancing transporter phenotyping.
invasive means to assess the expression of drug-metabolizing enzymes (DMEs) and
transporters in key disposition organs.'842°2 While liver-derived sEVs have been characterized,
reliable biomarkers for other organs remain under active investigation.'>® Although sEVs offer
insights into transporter abundance, their relationship to functional activity is not yet fully
understood.?*? Integrating sEV-derived abundance data with functional assessments based
on endogenous biomarkers could provide a more comprehensive understanding of

transporter behavior in the context of disease and genetic variation.*>8

Together, combining endogenous biomarkers with LSS and pharmacometric modeling
provides a streamlined, low-burden approach to transporter phenotyping. While this
integrated framework shows promising potential for early drug development and special
populations, broader validation and the incorporation of emerging tools like liquid biopsy are

needed to fully establish its clinical utility.
4.3.2.4 Inhibitor-based validation in diverse patient populations

The inclusion of well-characterized transporter inhibitors in cocktail studies provides a
powerful strategy to validate both probe drugs and endogenous biomarkers. Inhibitors such
as cimetidine, dolutegravir, and pyrimethamine (targeting OCTs and MATEs); probenecid (for
OAT1 and OAT3); and verapamil and cyclosporin A (for P-gp and OATP1B1) can be strategically
utilized to assess the sensitivity and selectivity of each probe.'® By comparing PK parameters
with and without these inhibitors, the specific contribution of individual transporters can be

more precisely elucidated.

To ensure the clinical applicability of these findings, it is crucial to extend evaluations to
diverse patient populations and disease states. Physiological and pathological variability, such
as alterations in transporter expression, organ function, or biomarker levels, may significantly
impact transporter activity and probe performance. Broader clinical testing is therefore

essential to confirm the robustness of these approaches in real-world settings.
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To the editor,

Measuring glomerular filtration rate by iohexol plasma
clearance has become a preferred method in clinical prac-
tice and research [1-9], but ambiguities remain regarding
the choice of pharmacokinetic modeling when evaluating
iohexol concentration. We recently showed that a three-
compartment pharmacokinetic model provides better
iohexol clearance estimates than the two-compartment
approach in elderly subjects in the Berlin Initiative Study
(BIS) [7, 8]. However, implementation of the presented
model in clinical and research practice is complicated
by the required technical expertise and the complexity of
Bayesian software [7]. A viable alternative could be the
use of correction formulas which rely on traditional one- or
two-compartment models and correct the obtained clear-
ance estimates for the bias introduced by the omission of
compartments [9-14]. Well-known examples for established
correction formulas are the Bréchner-Mortensen (BM)
equation [12] and the further simplified Chantler (Ch) for-
mula [14] based on a one-compartment model, which have
recently been shown to perform well in iohexol data from
the BIS [9]. Such an evaluation remains to be carried out
based on a three-compartment model, which is the subject
of this letter.
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Data from the BIS, including 546 individuals with data
obtained up to 300 min post-injection, were evaluated [7, 8].
One-, two-, and three-compartment models were used to esti-
mate iohexol clearance (CL1, CL2, and CL3), respectively.
CL1 was estimated based on the slow component of iohexol
concentrations 120 to 300 min post-dose, CL2 was estimated
based on the protocol by Schwartz et al. [11] as carried out
in the BIS [8], and CL3 was estimated using the empirical
Bayes approach based on the three-compartment model [7].
Equations resembling the BM and Ch formulas were then
fitted to correct CL1 and CL2 results, using CL3 as the refer-
ence (Table 1) [12, 14]. A leave-one-out cross-validation [15]
was utilized to assess the bias and root mean squared error
(RMSE), as well as to evaluate Lin’s concordance correla-
tion coefficient (CCC) [16] and the relative total deviation
index (TDI) for a range of coverage probabilities (CP) [17].
A TDI<10% for a CP of 90% (IDI,,) and an at least sub-
stantial CCC of > 0.95 were considered optimal. R 4.2.1 [18]
and NONMEM 7.4.2 [19] were used as statistical software.

BM- and Ch-like equations performed similarly well
(Table 1), with an absolute bias < 1 mL/min, an RMSE
between 2.92 and 4.08 mL/min, and a substantial concord-
ance for all equations. The TDI,, goal was achieved with
Egs. 3 and 4 based on two compartments, while it was
missed with Egs. 1 and 2 based on one compartment. Dif-
ferences between BM-like and Ch-like equations were neg-
ligible with equations based on two compartments, while
the BM-like equation provided a notably lower absolute bias
than the Ch-like equation in the case of one compartment
(—0.0949 versus — 0.357 mL/min). In summary, our evalu-
ation demonstrates that correction formulas in conjunction
with one- or two-compartment models can provide adequate
clearance estimates with only a minimal loss in accuracy and
precision compared to a three-compartment model. When
one-compartment estimates are available, the BM-like cor-
rection formula might be a good choice, while the simple
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Table 1 Performance of correction formulas based on leave-one-out eross-validation, comparing iohexol clearance estimates obtained from dif-
ferent correction formulas to reference clearance values from threecompartment model

Nr. Equation Bias (mL/min) Relative bias (%) RMSE CCC  TDIy (%)
mean (95% CI) mean (95% CI) (mL/min)

1(BM) CL=0.872xCL1-0.000560xCL1* —0.0049 (—0.428 t00.238)  —-0.103 (-0.616 to 0.411)  3.97 0974 10.6

2(Ch)  CL=0.824xCL1 —0.357(-0.698 to —0.016) —0.953 (—1.50 to —0.409)  4.08 0974 115

3(BM) CL=0.804xCL2+0.0000246xCL2>  —0.0415 (—0.288 100.205) —0.0331 (—0.4111t0 0.344) 2.94 0.986  7.71

4(Ch)  CL=0.896xCL2 —0.0313 (-0.277 10 0.214)  —0.0022(—0.378to 0.374)  2.92 0.986  7.68

CL iohexol clearance estimates obtained from different correction formulas, CLJ one-compartment clearance estimates, CL2 two-compartment
clearance estimates, BM Brochner-Mortensen-like equation, Ch Chantler-like equation, CT confidence interval, RMSE root mean square error,
CCC Lin’s concordance correlation coefficient, TDI,,, total deviation index for a coverage probability of 90%

Ch-like formula might be sufficient if two-compartment esti-
mates are available. This provides the means to efficiently
estimate iohexol clearance in settings where complexities
and costs associated with the implementation of a Bayesian
model are prohibitive. Whether the slight loss of accuracy
and precision compared to the three-compartment model is
acceptable depends on the clinical context and should there-
fore be judged on a case-by-case basis. Further validation in
diverse patient populations is required, and the evaluation of
additional, potentially non-linear correction formulas might
provide further improvements.
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ABSTRACT

Clearance of an intravenous iohexol dose of 3235mg is used to assess glomerular filtration rate (GFR), although systematic
assessment of its pharmacokinetic (PK) properties is incomplete. The objectives of the present investigations were (i) to assess
potential interactions of iohexal with important drug transporters, and (if) whether a 259 mg dose could replace the current
standard dose. In vitro, we evaluated whether iohexol inhibits or is transported by renal transporters (hOAT1/3, hOCT2, and
hMATE1/2K) or other transporters (hOATP1B1/3, hOCT1, and hMDR1) using cell-based and vesicle-based systems. In vivo, we
conducted a clinical trial with 12 volunteers with the administration of single intravenous doses of 3235 mg (“reference”) and
259mg (“test”) using a changeover design. Plasma and urine samples were collected up to 24 h postdose. We assessed the dose
linearity of iohexol pharmacokinetics using the standard bioequivalence approach and conducted a population PK analysis to
characterize its profile. Our in vitro findings indicate that iohexal is neither a substrate nor a significant inhibitor of the trans-
porters, suggesting it is unlikely to participate in transporter-mediated drug-drug interactions in viva. In the clinical trial, the
test/reference ratio for plasma clearance, calculated as dose divided by the area under the plasma concentration-time curve, was
1.01 (90% confidence interval 0.968-1.05), confirming dose linearity. Population PK analysis further supported these results,
showing no significant effect of dose on renal clearance and negligible nonrenal clearance of iohexol. Low-dose iohexol is a suit-
able marker for precise GFR measurement, even when coadministered with other drugs.

JEL Classification: Biomarkers

and toxin extrusion proteins (hMATE1l and hMATE2K), and
human organic anion transporter (hOAT)2 [3]. Therefore,

1 | Introduction

Reliable quantification of renal function, specifically glomerular
filtration rate (GFR) is essential for optimizing drug dosing in
patients and evaluating drug pharmacokinetic (PK) properties
in clinical research [1]. Serum creatinine concentrations and/or
creatinine clearance are commonly used to this end [2]. However,
renal elimination of creatinine is not only mediated by glomeru-
lar filtration but also by renal transporters, including human ar-
ganic cation transporter (hOCT)2, 2 forms of human multidrug

creatinine-based GFR estimations may be biased and influenced
by transporter-mediated drug-drug interactions (TDDIs) [1, 3].
Cystatin C is less affected by renal tubular processes compared to
creatinine, potentially making it a more reliable GFR marker [4].
However, both markers are affected by non-GFR factors: serum
creatinine concentrations are influenced by muscle mass, physical
activity, and diet [5], while cystatin C is impacted by inflamma-
tion, metabolic disarders, and steraid use [6].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
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Summary

« What is the current knowledge an the topic?
< Estimating glomerular filtration rate (GFR) to assess
kidney function is a key aspect of medical practice.
While serum creatinine concentration is typically
used for this purpose, results are error-prone. Iohexol
clearance of a standard 3235mg intravenous balus
dose is more reliable in estimating GFR, but it is

rarely used, partly due to limited research.

« What question did this study address?
= This study investigated whether iohexol interacts
with key drug transporters using in vitro methods
and whether the iohexol dose to estimate GFR could
be reduced to 259mg in a clinical trial with healthy
volunteers.

o What does this study add to our knowledge?

o Tohexol is neither a substrate nor a significant inhib-
itar for transporters, suggesting that it is unlikely to
interfere with other medications, and our clinical
trial provided equivalent clearance values for both
iohexol doses. Thus, a 259 mg iohexol bolus dose en-
ables accurate GFR measurement, even when coad-
ministered with other drugs.

« How might this change clinical pharmacology or
translational science?

o Clinically, the low ichexol dose enables accurate
GFR measurement even in patients with fluctuating
renal function and those with significant differences
in non-GFR determinants of creatinine clearance
compared to the population used to develop the
creatinine-based GFR estimation equations. For the
evaluation of renal transporter activity in clinical
studies, the low iohexol dose fulfills the require-
ments for integration into a probe drug cocktail.

Alternatively, iohexol plasma clearance following a single dose
(typically 3235 mg of iohexol) has become a robust GFR quanti-
fication method owing to its favarable PK properties [1]. Unlike
endogenous filtration markers, ichexol-based assessments are
unaffected by variations in body composition or disease [2]. It
is used in clinical settings, where precise GFR assessment is
required, such as in patients with fluctuating kidney function
[7, 8], and in clinical trials evaluating the role of GFR in drug
pharmacokinetics [1, 9]. Todinated contrast media (ICM), in-
cluding iohexol, are generally well tolerated; however, adverse
drug reactions (ADRs) occur in up to 3% of cases, with acute
and prolonged effects [10]. Acute ADRs, including allergic-
like and physiclogic responses, are dose-dependent [10, 11].
Contrast-induced acute kidney injury (CI-AKI) is the primary
serious ADR assaciated with ICM, with a low (1%-2%) in pa-
tients with normal renal function but increases to 25% in those
with chronic kidney disease (CKD) or other risk factors, such as
comorbidities, aging, or nephrotoxic drugs [12]. The volume of
ICM injected is a critical determinant of CI-AKI risk, with the
risk doubling for every additional 20 mL in CKD patients [13].
Given the dose dependency of ADRs, it is desirable to validate
and use iohexol at the lowest possible dose for GFR assessment,
particularly in patients with impaired renal function or those
requiring repeated GFR monitoring.

While iohexol elimination in humans is considered to be medi-
ated exclusively by glomerular filtration, there islimited evidence
suggesting that iohexol may interact with membrane transport-
ers [9, 14-16]. Minor inconsistencies have been observed when
comparing iohexol clearance to that of inulin, which is regarded
as an ideal GFR marker [9], though inulin is no longer preferred
due to practical limitations [17]. Additionally, beyond glomeru-
lar filtration iohexol might be reabsorbed through a saturable
mechanism in rats [14]. Moreover, iohexol downregulated the
expression of OCT2 in both rat kidneys and HK-2 cells [15]. It
also exerted a mild inhibitory effect on P-glycoprotein in human
cancer cell lines [16]. The involvement of membrane transport-
ers in iohexol pharmacokinetics may lead to nonlinearity in its
pharmacaokinetics, particularly at low concentrations. Similar
to creatinine, this can make iohexol susceptible to TDDIs when
coadministered with drugs that affect transporter activity [3].
Both nonlinearity and TDDIs with iohexal as a victim could
cause discrepancies between iohexol clearance and GFR.

TDDIs with ichexol as a perpetrator may affect drug therapy in
patients. Furthermore, it could also influence the pharmacoki-
netics of probe drugs to assess the activity of renal transport-
ers when integrated into “cocktail” studies. Cocktail studies are
established approaches to quantify the activity of transporters
(and enzymes) in vivo by simultaneous administration of sev-
eral drugs, each of which is a substrate of a specific enzyme or
transporter of interest [9]. Enzyme or transporter activities are
quantified based on PK parameters representative of specific
transporter activity. Several such cocktails have been developed
specifically to assess the activity of renal transporters [18-21].
Renal clearance of a probe drug depends on the activity of the
respective transporter(s) and glomerular filtration. Evaluating
net renal secretion, a primary metric for quantifying renal
transporter activity, therefore requires an accurate assessment
of GFR, for which ichexol plasma clearance may be a valuable
tool [9]. However, to incorporate iohexol into future transporter
cocktail approaches, it is essential to ensure that ichexol is not
involved in relevant TDDIs. Furthermore, to minimize potential
TDDIs, reduce the risk of adverse effects associated with iohexol
exposure [11, 13], and lower iohexol consumption, a reduction
in the standard dose is desirable. However, PK information on
low-dose iohexal is limited [7, 22].

This study, therefore, comprised two parts: The first part fo-
cused on assessing patential TDDIs of iohexol, including in vitro
characterization of ichexol as a potential substrate and/or inhib-
itor of major drug transporters [23, 24]. The second part was a
clinical study in healthy volunteers to assess the dose linearity of
iohexol pharmacokinetics.

2 | Materials and Methods
2.1 | Part1:In Vitro Study
2.1.1 | Study Design

We characterized the inhibitory potential of iohexol on
major drug transporters recommended by regulatory agen-

cies [23, 24], which were previously assessed in a clini-
cal transporter phenotyping cocktail study [18]. These
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transporters include hOAT1, hOAT3, hOCTI1, hOCT2,
hMATE1, hMATE2K, human organic anion transporter
polypeptides (hOATP)1B1, hOATP1B3, and human multi-
drug resistance protein (hMDR)1. Additionally, we inves-
tigated whether iohexol is a substrate for any of the renal
transporters among these, including hOAT1/3, hOCT1/2,
and hMATE1/2K. Cell-based uptake assays were used to as-
sess the activities of hOAT1/3, hOCT1/2, hMATE1/2K, and
hOATP1B1/1B3. Inside-out membrane vesicle uptake assays
were used to evaluate the activity of hAMDR1.

For substrate assessments, iohexol was incubated with stably
transfected HEK-293 cells expressing one of the following
transporters: hOAT1, hOAT3, hOCT1, hOCT2, hMATEI, or
hMATE2K, as well ag with contral cells lacking transporter
expression. Stably transfected cell lines containing pEBTetD
plasmids [25] with wild-type human transporter cDNAs were
generated as previously described [26]. Transporter expression
was induced by adding 1ug/mL doxycycline to the growth
medium for at least 20 h [26]. lohexol would be considered a
substrate for these transporters if: (1) the ratio of iohexol up-
take in cells expressing the transporter to that in control cells
was > 2, and (2) a known inhibitor of the transporter reduced
iohexol uptake to <50% at concentrations > 10 times its in-
hibition constant or half-maximal inhibitory concentration
[23, 24].

Inhibition experiments were conducted to investigate whether
iohexol exhibits inhibitory effects on hOAT1/3, hOCT1/2,
hMATE1/2K, hOATP1B1/3, and hMDR]1 [18], potentially lead-
ing to TDDIs in viva. To determine the maximal inhibitory
potential of iohexol, intracellular accumulation of a standard
substrate was measured with and without the clinically relevant
highest concentrations of ichexal. Control inhibitors were tested
in each experiment.

According to guidelines for assessing TDDIs after intravenous
administration, the highest test concentration should be up to
50 times the unbound maximal plasma concentration (me)
[23, 24]. Given the minimal plasma protein binding of iochexol
(1.5%) [27], we assumed an unbound fraction of 1 for the ex-
periments. Typically, iohexol is administered as a 5 or 10mlL
intravenous bolus (300 or 240mg iodine/mL) for GFR mea-
surement [27]. Based on prior clinical trials in patients aged
>70years with impaired kidney function (median GFR: 60.7
[interquartile range: 48.9-71.5] mL/min/1.73m?), the C___ was
considered to correspond to the initial plasma concentration
following a 3235mg iohexol injection, which was approximately
0.37mM [28, 29]. Therefore, we selected a concentration range
of 1-20 mM for the in vitro TDDI assessment to evaluate its max-
imum inhibitory potential.

In all subsequent in vitro studies, control experiments were
conducted to validate the results. These included positive
controls for substrates and inhibitors, as well as cells either
without transporter expression or transfected with an empty
vector, and control vesicles. Each condition, including cells or
vesicles with the transporter and their respective controls, was
analyzed in at least three replicates. For detailed information
on materials, methods, and data analysis techniques used,
refer to the Supporting Information. Additional details on the

cell lines and culturing conditions are available in the related
publication [26].

2.2 | Part2:In Vivo Study

2.2.1 | Study Design

The clinical trial was registered with the German Clinical Trials
Register under the identification code DRKS00029908 and ap-
praved by the Ethics Committee of the Medical Faculty of the
University of Cologne, Germany, on November 21, 2022 (number
22-1347_1). The study adhered to Good Clinical Practice guide-
lines and the Declaration of Helsinki. All participants provided
written informed consent before any study-related procedures
and were confirmed to be healthy through a standard screening
examination (See also Supporting Information).

The trial had two separate objectives, that is, (i) to assess dose
linearity of iohexol pharmacokinetics for a lower dose (reported
here) and (ii) to improve the assessment of creatinine volume
of distribution by oral administration of creatinine in beef meat
(will be reported separately). Building on the PK findings from
23235 mg iohexol injection [28, 29], we determined that the cur-
rent quantification method is sufficiently sensitive to measure
iohexol plasma concentrations corresponding to doses over 10
times lower, up to at least 20 h postadministration. Therefore,
a 259 mg iohexol dose was selected for this study. The pertinent
part of the trial had an open-label, randomized, single-dose,
three-period changeover design invalving 12 volunteers. Each
participant was randomly assigned to one of six sequences, re-
ceiving iohexol intravenously at different single doses on sepa-
rate occasions: (1) 259 mg iohexol without beef ingestion (defined
as “fasting,” “test”); (2) 3235mg iohexol fasting (“reference”);
and (3) 3235 mg ichexol with beef ingestion (not reported here).
The washout interval between administrations was 7 to 14 days.
Adverse events were surveyed until the completion of the study.

A total of 19 blood samples were drawn before iohexol admin-
istration and at 10, 20, 30, 45, 60, and 90min, as well as at 2, 3,
4,5,6,8,10,12, 14, 16, 20, and 24 h postdosing under fasting
conditions. For urine, 11 samples were collected before dosing
and at 0-2, 2-4, 4-6, 6-8, 8-10, 10-12, 12-14, 14-16, 16-20,
and 20-24h postdosing under fasting conditions. Tohexol con-
centrations in plasma and urine samples were quantified using
validated high-performance liquid chromatography coupled
with tandem mass spectrometry, as detailed in the Supporting
Information. Only data from the two fasting conditions were in-
cluded in further analyses.

2.2.2 | Noncompartmental Analysis

The noncompartmental analysis (NCA) was conducted using
PKanalix 2024R1 (Lixoft SAS, a Simulations Plus company,
Paris, France) followed by comparing between doses using the
bicequivalence module. To assess the potential nonlinear re-
lationship between the dose and exposure of iohexol, plasma
clearance (CL) estimates abtained from NCA were compared
between doses using the standard bioequivalence approach
[30]. Detailed information on the calculation of PK parameters
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via NCA and the statistical methods used is provided in the
Supporting Information.

2.2.3 | Population Pharmacokinetic Analysis

A papulation PK model of iohexol was developed using the non-
linear mixed-effects modeling program NONMEM version 7.5.0
(ICON ple, Dublin, Ireland), Perl speaks NONMEM (PsN) ver-
sion 5.2.6 (Uppsala University, Uppsala, Sweden) [31], and Pirana
version 3.0.0 (Certara, Princeton, New Jersey). R version 4.2.1 (R
Foundation for Statistical Computing, Vienna, Austria) was used
for data preparation, visualization, and statistical summaries.

The structural model was developed in a stepwise manner, as
previously detailed [28]. After establishing a reasonable struc-
tural model, the impact of dose-related effects was assessed as
a categorical covariate on PK parameters through forward and
backward selection processes. Model improvement was evalu-
ated using the change in the objective function value (AOFV),
with significance levels of 0.05 (AOFV < =3.84) and 0.01 (AOFV
< —6.63). The stability and performance of the final model were
evaluated graphically and statistically, using goodness-of-fit
plots, nonparametric bootstrap analysis [32], and the visual
predictive check (VPC) technique [33], as described earlier [28].

3 | Results
3.1 | Part1: In Vitro Study

3.1.1 | Quality Assessment of In Vitro Systems

The in vitro systems for hOAT1/3, hOCT1/2, hMATE1/2K,
hOATP1B1/3, and hMDR1 uptake assays demonstrated robust
performance in this study. Reference substrate concentrations
in cells or vesicles expressing the transporters were 3.3 to 250
times higher than in contrals (Table S3). The median inhibitory
effects of prototypical inhibitors on the uptake of their respec-
tive reference substrates across all transporters ranged from 49%
to 99% (Table S3). These findings validate the functionality of
the in vitro systems in our study.

3.1.2 | Substrate Assessments

Transporter-expressing cells showed no significant increase in
ichexol accumulation compared to control cells, with median
values ranging from —0.67 to 1.5pmol/mg protein after incuba-
tion with 10 M iohexol for 10 and 30 min (Table S4, Figure S1).
The median ichexol uptake ratio of transporter-expressing cells
to control cells varied between 0.89 and 1.2 across all transport-
ers (Figure 1, Figure S1, Table S4).

3.1.3 | Inhibition Assays

Asshown in Figure 2, iohexol exhibited no significant inhibitory
effect on the transporter-mediated uptake of standard substrates
at concentrations of 1 mM and 2mM. At 20mM, iohexol reduced
hMATE2K-mediated MPP+ uptake and hMDRI1-mediated

[*H]-N-methyl-quinidine uptake by 26% and 21%, respectively,
while no notable inhibitory effects were observed for hOCT1/2-,
hOAT1/3-, hMATE1-, or hOATP1B1/3-mediated substrates
uptake. Detailed results of the inhibition assays are shown in
Figures S2 and 3 and Table S3.

3.2 | Part2in Vivo Study
3.2.1 | Demographics and Dataset

Twelve healthy subjects (7 females) with a median body mass
index of 24.4kg/m? (range: 21.2-28.9kg/m?) and a median age
of 34years (range: 23—-48 years) participated in the relevant part
of the trial. Detailed demographic characteristics are presented
in Table 1.

A total of 432 postdose plasma and 238 postdose urine samples
were collected for PK analysis of iohexol. Of these, 9 samples
(1.34%) had concentrations below the lower limit of quantifica-
tion (LLOQ) and were excluded from the analyses (for details
see Supporting Information). The plasma concentration-time
profiles of iohexal, and its cumulative urinary excretion follow-
ing single reference or test doses, are depicted in Figure 3.

3.2.2 | Noncompartmental Analysis

NCA was performed using plasma concentrations from 12 sub-
jects and urine concentrations from 10 subjects who had no
missing urine samples. The corresponding PK parameters of
iohexol following test and reference doses are summarized in
Table 2. The 90% confidence intervals (CIs) for the ratio of test
to reference doses for CL, calculated as dose divided by the area
under the plasma concentration-time curve (AUC), and for uri-
nary recovery were 1.01 (0.968-1.05) and 1.06 (0.960-1.17), re-
spectively. These values fall within the standard bioequivalence
range of 0.800-1.25, indicating that the AUC increased propor-
tionally with the ichexol dose.

3.2.3 | Population Pharmacokinetic Analysis

3.2.3.1 | Model Building. The three-compartment model
with first-order renal elimination best-described plasma
and urine data, reducing the OFV by 225 points compared
to the two-compartment model. Adding a nonrenal clear-
ance did not improve the OFV (0.053-point increase) and its
estimate was negligible (0.001L/h). The data confirmed that
iohexoal is exclusively eliminated by the kidneys through lin-
ear kinetics, without requiring more complex models such as
nonlinear elimination.

The model was parameterized with central (V,) and peripheral
(st Vs) volumes of distribution, intercompartment clearances
(Q,, Q,). and renal clearance (CLy) of iohexol. Interindividual
variability was estimated for CL,. V,, V., and V, using an expo-
nential model. Inter-occasion variability for CL,, V., and Q, was
linked to inter-individual variability through an additive model.
The residual variability in plasma and urine data was best de-
seribed by proportional error models.
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Transporter-mediated iohexol uptake ratio
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FIGURE1 |

Ratio of iohexol uptake in transporter-expressing cells vs. nonexpressing cells. Stably transfected 293 cells, either expressing (expres-

sion on; k=3 or 4) or not expressing (expression off; n =3 or 4 hOAT1, hOAT3, hOCT1, hOCT2, hMATE], or hMATE2K, were incubated with 10uM
iohexol for 10 and 30 min, respectively. Each experiment was performed in triplicate, with each assay conducted on a separate day. In each assay,
the ratio of iohexol uptake rates in transporter-expressing cells (expression on) compared with nonexpressing cells (expression off) was calculated
through element-wise division within each experimental group. The dots and error bars represent the median values with 95% confidence intervals

(CIs) of the log-scaled ratios across three independent experiments.

Based on the final model, median (range) individual empirical
Bayesian eslimales (EBEs) were 5.25 (4.74-8.05) L/h for CL and
15.1(11.5-18.8) L for the volume of distribution (sum of V, V,, and
V). Bland-Altman plots indicated no significant differences in
the individual EBEs of CL, between the test and reference doses
(Figure 4). Details of other PK parameters are presented in Table 3.

3.2.3.2 | Evaluating Dose-Related Effects. Dose lev-
els were tested as a categorical covariate in the analysis of PK
parameters. No significant reduction in the OFV was observed,
confirming that the PK parameters did not differ significantly
across the different dose levels.
3.2.3.3 | Model Evaluation. The final model showed good
agreement between predicted and observed data, though a few
outliers were noted, For more details, refer to the Supporting
Information.

4 | Discussion

In this study, we investigated whether iohexol inhibits renal trans-
porters (hOAT1/3, hOCT2, and hMATE1/2K), hepatic transport-
ers (hOATP1B1/3), and transporters in various tissues (hOCT1,
hMDR1) and whether it is a substrate for these renal transporters
through laboratory-based assays. Additionally, we assessed the PK
characteristics of iohexol by comparing a low-test dose to the usual
reference dose in a clinical trial with healthy volunteers.

4.1 | InVitro Studies

In control experiments, the functional expression of each trans-
porter was confirmed by the uptake of standard substrates. The
use of specific inhibitors for each transporter effectively inhibited

substrate uptake as expected, consistent with our previous study
[26]. Thus, the results of these experiments should be reliable.

The potential interactions between iohexol and key drug trans-
porters were evaluated through a series of in vitro experiments,
which had not been systematically investigated previously. The
results indicate that iochexol is neither a substrate nor a significant
inhibitor for the investigated transporters. At a concentration of
20mM, iohexol slightly inhibited hMATE2K and hMDR1 activ-
ities (<30%). However, this concentration is far above the levels
expected with the clinical dose (3235mg) of iohexol used for GFR
measurement or the reduced dose evaluated in thisstudy. Thus, the
mild inhibitory effect observed at this concentration is clinically
irrelevant for using iohexol as a GFR probe. Similarly, Supawat
et al. reported mild inhibitory effects of iohexol on P-glycoprotein
in human cancer cell lines. However, this inhibition was not sta-
tistically significant, raising doubt about the existence of this effect
[16]. These in vitro findings align with clinical evidence [35-38].
Studies have shown that iohexol clearance remains unaffected by
OCT2 and MATE inhibitors, supporting the absence ol significant
interaction with these transporters [35, 36]. Furthermore, the low
contribution of genetic polymorphisms to iohexol renal clearance
variability suggests that genetically polymorphic transporters play
a negligible role in its elimination [37]. Finally, iohexol does not
induce metabolic drug-drug interactions, as it does not inhibit
human Phase I or Phase IT enzymes [38].

Our in vitro results, however, do not fully explain the minor
discrepancies between iohexol-based GFR measurements
and the unavailable “gold standard” inulin-based GFR [9, 39].
Furthermore, the discrepancy between our findings and those
of Masereeuw et al., who proposed a saturable mechanism for
iohexol elimination in the rat-isolated perfused kidney, may
arise from methodological limitations [14]. Maserecuw et al,
observed an increase in the ratio of renal clearance to GFR
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FIGURE 2 | Inhibitory effects of prototypical inhibitors and iohex-

ol on transporter-mediated transport of standard substrates. Relative
transporter activity was calculated as the ratio of activity in the pres-
ence of inhibitors or iohexol to the activity in their absence, using
element-wise division within each experiment. Transporter activity
(net uptake rate) was derived by element-wise subtraction of the probe
substrate concentrations under “expression oft” conditions from those
under “expression on” conditions for each transporter and study group.
Columns and error bars represent the median values and 95% CIs of rel-
ative transporter activity across all respective experiments.

(from 0.63%0.06 to 1.02+0.06, mean £standard deviation) as
perfusate concentrations increased from 5ug/mL to 20 pug/mL,
suggesting saturable reabsorption [14]. However, their use of
cyanocobalamin for GFR measurement, relying on colorimet-
ric assay may be less accurate at low concentrations [40], and
increasing protein binding further undermines its reliability
[41]. These limitations warrant caution in interpreting their con-
clusions. Similarly, the downregulation of OCT2 expression in
rat kidneys and HK-2 cells reported by Yang et al. also requires
scrutiny [15]. Firstly, OCT2 expression is inconsistently observed
in HK-2 cells across studies [42], suggesting that any observed
downregulation might not be specific to ichexol but could re-
sult from other factors or experimental conditions. Moreover,
decreased OCT2 expression in contrast-induced nephropathy
rats may reflect nonspecific injury rather than a direct effect of
iohexol [15]. Finally, relying on a single concentration of iochexol
(6mg/mL iodine) limits the robustness of the findings [15].

The variability in uptake and inhibition assays across experi-
ments on different days, consistent with previous investigations
[26], may result from differences in cell density and transfec-
tion age, which affect the number of active transporters in the

TABLE 1 | Demographic summary of enrolled subjects (n=12, 5
men, 7 women).

Characteristic Median (range)
Age (years) 34(23-48)
Weight (kg) 77.3(59.1-95.8)
Height (cm) 178 (163-196)
BMI (kg/m?) 24.4 (21.2-28.9)

¢GFR (mL/min/1.73m?) 100 (83.6-134)

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration
rate, estimated using the 2021 Chronic Kidney Disease Epidemioclogy
Collaboration (CKD-EPI) creatinine-cystatin C equation [34), based on plasma
creatinine and cystatin C concentrations from the screening examination.

plasma membrane. However, this variability does not compro-
mise the pivotal results. Overall, our findings demonstrate that
iohexol is neither a substrate nor a significant inhibitor of major
drug transporters in vitro [23, 24].

4.2 | Clinical Trial

We conducted a clinical trial to evaluate the feasibility of using
a lower iohexol dose for GFR assessment by investigating the
dose linearity of iohexol pharmacokinetics. In this trial, dose
proportionality was assessed using two methods. First, the
standard average bioequivalence approach was applied, utiliz-
ing noncompartmental PK evaluation. This method compares
dose-adjusted AUCs and employs well-established criteria to
confirm the absence of significant differences between doses
without additional assumptions. Second, a population PK anal-
ysis was performed to gain a more detailed understanding of
iohexol pharmacokinetics. The population PK employed a three-
compartment model that accurately described both plasma con-
centration profiles and urinary excretion of iohexol, consistent
with prior findings in elderly individuals with impaired renal
function based on plasma data alone [28]. Standard model
evaluation and sensitivity analyses confirmed the stability and
reliability of the final model. Iohexol PK parameters were unaf-
fected by the dose, supporting the suitability of low-dose iohexol
(e.g., 259 mg) for GFR measurement.

Our results are consistent with previous research indicating io-
hexol plasma clearance as a reliable GFR comparable to inulin
clearance [27,43]. The iohexol clearance estimates agree with those
reported for healthy adults, including the median renal clearance
of 6.78L/h/1.73m? (interquartile range: 6.36-7.50L/h/1.73m?) by
Sterner et al. [39], and 7.32L/h (95% CIL: 7.08-7.68 L/h) by Olsson
et al. [44]. The intraindividual coefficient of variation for iohexol
plasma clearance in this study (5.29%) was within the reported
range of 5.6%-11.4% [27]. Other PK parameters, such as the vol-
ume of distribution estimated using the population PK analysis
approach, were consistent with the previous three-compartment
model estimate (median 15.09L) [28] and comparable to the re-
ported 0.27 L/kg in healthy volunteers [44]. Discrepancies between
the volumes of distribution obtained from the population PK eval-
uation (representing the steady-state volume) and the pseudoequi-
librium volume (V,) obtained by NCA are attributed to ongoing
distribution processes during the apparent terminal elimination
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are included: 10 completed all sample collections, providing both plasma and urine data for the reference and test periods. One provided complete
plasma data for both periods and urine data only in the reference period, while another provided complete plasma data for both periods and urine

data only in the test period.

TABLE 2 | Plasma and urine pharmacokinetic parameters of iohexol for test and reference doses by noncompartmental analysis (n=12).

Test Reference
Samples
(number of Geomean Geocv Geomean Geocv T/R ratio CViira
subjects) Parameters (unit) (geoSD) (%) (geoSD) (%) (90% Cls) (%)
Plasma (12) AUC,  (mg-h/L) 46.5(1.16) 14.8 598 (1.19) 17.4 — —
AUC, _ (mg-h/L) 46.7 (1.16) 147 600 {1.19) 17.4 — —
Lyjn 1 Ch) 3.32(1.11) 10.2 4.14(1.07) 6.97 — —
v, (1) 26.1(1.14) 13.2 32.4 (1.20) 18.6 — —
CL (L/h) 5.46(1.15) 14.2 5.43(1.19) 17.3 1.01 5.29
(0.968-1.05)
Urine (10%) Roax (mg/h) 73.7(1.27) 24.1 951 (1.12) 11.7 — —
Ae, (mg) 273 (1.09) 8.96 3364 (1.14) 13.0 — —
Recovery (%) 106 (1.13) 11.8 103 (1.13) 127 1.06 119

(0.960-1.17)

Abbreviations: Ae,, |, cumulative urinary excretion of unchanged ichexol frem administration to the last time point; AUC, area under the plasma conceniration-time
curve, AUC [rom time zero to the last time point and AUC [rom time zero extrapolated to inlinily are represented by AUC,  and AUC,__, respectively: CL conlidence
interval; CL, plasma clearance; CV, . intraindividual coefficient of variation; geoCV, geometric coefficient of variation; Geomean, geometric mean; geo8D, geometric
standard deviation; Recovery, percentage of the administered iohexol dose recovered inurine; R e Maximum observed excretion rate; T/R ratio, test-to-reference
ratiog t, ., , . apparent terminal plasma elfmination half-life; V_. volume of distribution during psendoequilibrium.

AIn two subjects, urine collection was not complete.

phase in iohexol plasma concentration—time profiles [45]. Thisalso [27], as comfirmed in this study. Using lower doses of ichexol to
applies to differences in t ,, ;, and V, between periods with dif- minimize potential toxicity may be of special interest for critically
lerent iohexol doses, which cannot be described properly by NCA. ill patients or those at risk of AKI, where [requent or even con-

tinuous monitoring of unstable GFR is crucial for understanding
Tohexol has many characteristics of an ideal GI'R marker. the impact of physiological and pathological changes on renal
Including minimal protein binding and exclusive elimination via function. Continuous low-dose iohexol infusion has been shown

glomerular filtration without tubular reabsorption or secretion to accurately track GFR changes, although further validation with
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FIGURE 4 | Bland-Altman plots comparing individual empirical

Bayesian estimates (EBEs) of iohexol renal clearance following reference
and test doses. The plot illustrates the difference between EBIs for renal
clearance obtained after the test dose and those obtained after the refer-
ence dose. The mean bias of 0.00311L/h is shown by the thin solid line,

while the dashed lines denote the upper and lower limits of agreement.

larger sample sizes is needed |7, 22]. By improving the sensitivity
of the previously reported analytical method [46], we decreased
the LLOQ to 25ng/mL, successlully measuring 91.7% of plasma io-
hexol concentrations 20h after a single bolus dose of 259 mg. This
method enables a tenfold reduction in iohexol doses compared
with Dixon et al.'s study [7, 22], extending GFR monitoring periods
while keeping total doses within safe limits.

The absence of transporter-mediated iohexal uptake in vitro,
combined with the lack of nonrenal elimination pathways
and the negligible impact of dose on iohexol pharmacokinetics
in vivo, confirms that iohexol does not significantly interact
with major drug transporters |23, 24|. This supports the con-
clusion that clinically relevant TDDIs with iohexol are highly
unlikely. Therefore, iohexol meets the necessary criteria for in-
clusion as a GFR probe drug in our established transporter phe-
notyping cocktail [18], or in other respective cocktails [19-21].
Additionally, ichexol is not expected Lo interact with coadminis-
tered drugs during GFR measurements.

The study's main limitation is its exclusive focus on healthy vol-
unteers and the use of dense sampling, which may not be directly
applicable 1o patients. However, this sampling schedule is neither
intended nor necessary for clinical practice, as established limited
sampling strategies for reliable GFR assessment with iohexol are
available [47], and can also be applied o low-dose iohexol. In eriti-
cally ill patients, variations in GFR and the volume of distribution
may impact iohexol pharmacokinetics |48, 49]. While there is no
reason to believe that deviations from dose linearity would differ
between healthy volunteers and patients with renal impairment,
further validation studies are recommended to strengthen confi-
dence in its clinical use in these populations.

TABLE 3 |
bootstrap results (n=12).

Population pharmacokinetic parameters of iohexol and

Bootstrap
Parameter Point median
(unit) estimate RSE% (95% CI)
lixed effect
CL, (L/h) 5.50 4.22 5.50 (5.13-6.02)
v, (L) 5.06 4.88 9.06 (.18-10.1)
Q, (L/h) 0.221 14.7 0.219
(0.164-0.313)
v, (L) 1.56 7.74 1.57 (1.36-1.87)
Q, (L/h) 5.84 18.5 5.76 (4.11-8.23)
v, (L) 434 7.37 4.34(3.81-4.99)
Interindividual variability (CV%)
CLy 14.0 29.5 13.5(5.05-20.1)
v, 16.6 24.0 15.5 (6.88-23.1)
v, 14.0 21.3 13.4(7.81-20.7)
Vv, 15.5 18.8 13.7 (5.57-19.2)
Interoceasion variability (CV%)
CT,K 2.51 29.1 2.44(0.900-3.87)
v, 6.23 39.2 6.06 (1.55-10.2)
Q, 29.2 50.0 28.7 (6.99-65.8)

Residual unexplained variability (CV%)

Plasma 11.3 17.9 11.2 (8.33-14.7)

Urine 25.0 20.7 24.8(14.7-36.8)

Note: CV% for interindividual and Interoccasion variability

computed as y/exp{w?) = 1, CV% for residual unexplained variability
computed as \’,cxp(ﬁz\; —1.

Abbreviations: Cl, confidence Interval; CL, renal clearance; CV%, coefficient of
variation expressed as a percentage; QQ, and (O, intercompartmental clearances;
RS[%, relative standard error expressed as a percentage; V,, central volume of
distribution: V, and V,, peripheral volumes of distribution.

4.3 | Overall Conclusion

Our results demonstrate that iohexol does not interact with
major drug transporters and is eliminated exclusively by a
nonsaturable renal elimination, and confirmed dose propor-
tionality of iohexol pharmacokinetics in vivo. Based on these
findings, a 259 mg dose of iohexol is suitable for precise GI'R
measurement in clinical settings and as part of a probe drug
cocktail to enable the evaluation of renal transporter activity
in clinical studies.
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Supplementary Material for Publication Il
MATERIALS

lohexol, cimetidine, and para-aminohippuric acid (PAH) were purchased from Cayman
Chemical (Ann Arbor, MI, USA), while lohexol-d5 was purchased from Toronto Research
Chemicals (Toronto, Ontario, Canada). Metformin, decynium-22, 1-methyl-4-
phenylpyridinium (MPP+), Estrone 3-sulfate (E3S), Elacridar, cyclosporine A, and probenecid
were acquired from Sigma-Aldrich (Darmstadt, Germany). [*H]Estrone sulfate, ammonium
salt, [6,7-3H(N)] with a specific activity of 40 Ci/mmol was purchased from American
Radiolabeled Chemicals (Saint Louis; MO, USA), [3H]BSP with a specific activity of 10.2
Ci/mmol was obtained from Hartmann Analytics (Braunschweig, Germany), and [3HINMQ_ (N-
methyl-quinidine) with a specific activity of 69 Ci/mmol was purchased from SOLVO (Hungary).

All other chemicals were at least of analytical grade.
METHODS

Part 1. In vitro study

Uptake assays for hOCT, hOAT, and hMATE transporters

Uptake assays were performed using stably transfected 293 cells, with or without the
expression of one of the following transporters: hOAT1, hOAT3, hOCT1, hOCT2, hMATE1, or
hMATE2K, as previously described.*®

For the substrate assessment, cells were incubated with 10 uM iohexol for 10 minutes and 30
minutes for each transporter. Inhibition assays were performed using specific standard
substrates for each transporter: 10 UM para-aminohippuric acid (PAH) for hOAT1, 3 uM
estrone-3-sulfate (E3S) for hOAT3, 50 uM metformin for hOCT1, 5 uM metformin for hOCT?2,
and 3 uM 1-methyl-4-phenylpyridinium (MPP+) for hMATE1 and hMATE2K. These substrates
were tested either alone or in combination with iohexol at concentrations of 1 mM and 20
mM, respectively, or with specific positive control inhibitors: 50 uM probenecid for hOAT1,
100 uM probenecid for hOAT3, 10 uM decynium-22 for hOCT1, and 100 uM cimetidine for
hOCT2, hMATE1, and hMATE2K. To correct for the increased osmolarity due to the addition
of 20 mM iohexol, 10 mM NaCl was removed from the uptake buffer, resulting in a final

composition of 115 mM NaCl, 25 mM HEPES-NaOH (pH 7.4), 5.6 mM (+) glucose, 4.8 mM KCl,
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1.2 mM KH3;PO4, 1.2 mM CaCl,, and 1.2 mM MgSOa. Incubation times were 1 minute for
hOAT1, hOAT3, and hOCT2, 20 minutes for hOCT1, and 0.5 minutes for hMATE1 and hMATE2K.
The uptake was terminated by washing the cells with the ice-cold uptake buffer. The cells
were then lysed with 1 mL of methanol for at least 20 minutes and stored at -20 °C. For
substrate assessment, the methanol used for cell lysis included 2 ng/mL of iohexol-d5 as an

internal standard.

The concentrations of probe drugs in cell lysate samples from uptake experiments were
determined using liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS), as detailed in the “LC-MS/MS analysis” section. Protein content in the mass
spectrometry samples was estimated from three paired dishes using the BCA (bicinchoninic
acid) assay (Pierce; Thermo Fisher 23225, Life Technologies, Darmstadt, Germany) with

bovine serum albumin as the standard, following the previously described method.'#°
Uptake assay for hOATP1B1 and hOATP1B3

Uptake assays were carried out with stably transfected 293 cells expressing hOATP1B1 or
hOATP1B3, as well as cells containing an empty vector, using the method described by Hsin
CH, et al..* For the inhibition assays, cells were incubated with the radiolabeled standard
substrates specific to each transporter: 0.01 pM 3H-estrone sulfate for hOATP1B1, and 0.02
UM 3H-bromosulphophthalein (BSP) for hOATP1B3. These substrates were incubated either
alone or in the presence of iohexol (2 or 20 mM) or the respective positive control inhibitor
(5 uM cyclosporine A for hOATP1B1 and hOATP1B3). Incubation times were 1 minute for
hOATP1B1 and 7 minutes for hOATP1B3. The accumulation of radio-labelled probe substrates
(3H) in the cell lysate is determined using a Tri-Carb 2810 liquid scintillation counter
(PerkinElmer, Waltham, MA, USA) as described previously.'#® Cellular protein amount was
determined in parallel from 6 paired wells per cell line and experimental day, using the
Bradford method.?>* The 1X lysis buffer (5X lysis buffer from Promega, diluted 1+4 [v/v] in
ddH,0) was used as the lysis buffer. Protein was measured using 1X Bradford reagent (5X
stock reagent from Carl Roth, Karlsruhe, Germany, diluted 1+4 [v/v] in ddH,0) and a Berthold
Technologies TriStar2 LB942 spectrophotometer (Bad Wildbad, Germany) with bovine serum

albumin as the standard.

Uptake assay for hMDR1
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Inside-out membrane vesicles (1.5 mg/mL) from HEK293 cells, including both hMDR1-vesicles
and control vesicles, were purchased from Pharm Tox, Netherlands. These vesicles were used
to measure the ATP-dependent uptake of a radiolabeled probe substrate using the rapid
filtration technique. The uptake was initiated by rapidly mixing the membrane suspension
(7.5 pg protein) with the pre-warmed (37°C) vesicle buffer containing the radio-labeled
substrate (0.01 uM 3H-NMQ [N-methyl-quinidine]) either alone or in combination with
iohexol (2 mM or 20 mM) or the respective positive control inhibitor (5 uM Elacridar) as well
as 4 mM ATP and 10 mM MgCl,. After a 1 min incubation, the uptake was terminated by the
addition of 500 plL of ice-cold Phosphate Buffered Saline (PBS) buffer. The mixture was
immediately filtered through a glass fiber filter (Whatman GF/C) under vacuum. The filter was
washed with ice-cold PBS buffer and dried under vacuum, before transferring the filter into a
6 mL scintillation vial. The measurement of the radiolabeled content was performed using the

same technique employed in the uptake assays for hOATP1B1 and hOATP1B3.
Data analysis

R version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria) was used for
statistical evaluations and data visualization. The data analysis approach for the in vitro study
was detailed by Hsin CH et al..'*® In brief, for transport assays, the initial uptake rate was
calculated by normalizing the substrate concentration to both the protein concentration and
the incubation time for each dish or well. The transporter-mediated uptake rate (net uptake)
was determined by performing an element-wise subtraction of uptake rates from different
conditions. First, all possible pairs of uptake rates were formed, with each pair consisting of
one uptake rate from cells expressing the transporter or vesicles containing the transporter,
and one uptake rate from control cells (vector-only or without transporter expression) or
control vesicles within the same assay. Net uptake rates were determined by subtracting the
uptake rate of the control cells or vesicles from that of the transporter-expressing cells or
vesicles for each pair. The overall net uptake for a given transporter was then determined as
the median, along with the 95% confidence intervals (Cls), of the net uptake rates across all

assays.
Part 2. In vivo study

Participants and assessment
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Twelve healthy volunteers, aged 18-60 years with a body mass index (BMI) between 18.5 and
30 kg/m?, were enrolled in the relevant part of the study once all screening results were
available and the subjects were considered eligible. The screening process included a review
of medical history, a physical examination, a 12-lead standard ECG, routine laboratory tests,
serological blood tests for hepatitis B, hepatitis C, and HIV, a urine analysis for substances of
abuse, an alcohol breath test, measurement of thyroid-stimulating hormone serum levels,
and, for female volunteers, a pregnancy test. The main exclusion criteria included
contraindications to iohexol, significant clinical or laboratory abnormalities, current

medication use, smoking, drug addiction, pregnancy, or breastfeeding.

Adverse events were monitored at multiple time points: within 1 hour before the
administration of iohexol, and then at 10 minutes, 30 minutes, 1 hour, and 2 hours post-dose,
as well as at the end of hospitalization for each period and during the end-of-study evaluation.
Vital signs were recorded at the same time points as adverse events. Overall health was

reassessed at the end of the study.
Treatments

Participants will be randomly assigned to one of six sequences (1-2-3, 2-3-1, 3-1-2, 3-2-1, 1-3-
2, 2-1-3) with each sequence comprising three treatments administered on separate

occasions:
1) a 259 mg dose of iohexol under fasting conditions (“test”),
2) a 3235 mg dose of iohexol under fasting conditions (“reference”),
3) a 3235 mg dose of iohexol with the ingestion of boiled beef (not reported here).

For each treatment, either 5 ml (containing 3235 mg) or 0.4 ml (containing 259 mg) of iohexol
solution (ACCUPAQUE™ 300 Injektionsldsung)'3” was injected intravenously as a single bolus
over 1-2 minutes or 0.1-0.2 minutes, respectively. The syringes containing iohexol were
weighed before and after injection to ensure accurate dosing. During the "fasting conditions",
participants were hospitalized from 2 hours before to 24 hours after the administration of

iohexol.
Non-compartmental analysis

Evaluation of pharmacokinetic parameters
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Plasma pharmacokinetic (PK) parameters were calculated, including the terminal elimination
rate constant (A;), terminal plasma elimination half-life (ti/2, ».), the volume of distribution
(V2),%>° the area under the plasma concentration-time curve (AUC), which includes AUC from
time zero to the last time point (AUCo.t) and AUC from time zero extrapolated to infinity (AUCo-
~), and plasma clearance (CL). The Az value was determined by linear regression analysis of
the terminal log-linear phase of individual concentration-time curves, using the last three
concentration values above the lower limit of quantification (LLOQ). This approach ensures
an accurate reflection of the terminal slope. The t1/2, A, was calculated as In(2)/A;, and the V,
was calculated as Dose/(A;*AUCo-). AUC was determined using the linear log trapezoidal rule.
AUCo. was calculated as AUCo-t + Ciast/Az, Where the Ciast is the concentration of the last time
point with measurable concentration. CL was calculated as Dose/AUCo.-.. Urine iohexol PK
parameters were also calculated, including the cumulative urinary excretion of unchanged
iohexol from administration to the last time point (Aeo-t), the maximum observed excretion
rate (Rmax), and the percentage of the administered iohexol dose recovered in urine, referred

to as urinary recovery.
Statistical methods

Statistical evaluations for non-compartmental analysis (NCA) and bioequivalence analysis
were performed using PKanalix 2024R1 (Lixoft SAS, a Simulations Plus company, Paris,
France). CL estimates and urinary recovery, derived from NCA, were compared between the
reference and test doses using the standard bioequivalence approach.?3? Log-transformed
values of CL and urinary recovery were evaluated using an analysis of variance model with
fixed effects for sequence, subject within sequence, period, and dose (instead of
“preparation” for bioequivalence assessment). The point estimate and 90% confidence
interval (Cl) for the test-to-reference ratio of CL and urinary recovery were calculated. The
null hypothesis of “a relevant difference in CL between doses” was rejected, and CL was
considered to be dose-linear if the 90 % Cl was completely within the standard bioequivalence
boundaries of 80-125%. The sample size calculation assumed that the intra-individual
coefficient of variation (CVintra) for GFR measurement with iohexol would not exceed 11.4%
in the general population.?*® With this assumed CVintra and a true ratio of 0.95 < ptest/Hreference
< 1.05, a sample size of 8 subjects would be sufficient to reject the null hypothesis of a

significant difference in CL between doses, with a two-sided alpha of 0.05 and a power of at
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least 80%. However, since a minimum of 12 subjects is required for a bioequivalence study,

we included 12 subjects.
Population pharmacokinetic analysis
Assessing the impact of implausible data

We identified slight leakage during the injection of the test iohexol dose in one subject. To
evaluate its impact on the final parameter estimates, we used two approaches: (i) conducting
a sensitivity analysis by comparing parameter estimates across three models—the final model,
a model excluding early post-dose plasma samples from the subject, and a model excluding
all data from this period for the subject. (ii) expanding the model to describe absorption from
an additional para-venous compartment for the administration of iohexol in this subject and

period only.
LC-MS/MS analysis

For quantification, all drugs except for PAH were measured using an API 5000 device (AB Sciex
Germany GmbH, Darmstadt, Germany), connected to an Agilent 1200 HPLC binary pump and
an Agilent 1260 Infinity autosampler (Agilent Technologies Deutschland GmbH, Waldbronn,
Germany). The concentrations of PAH in cell lysis samples were determined using an API 4000
QTRAP device (AB Sciex Germany GmbH, Darmstadt, Germany), connected to a Shimadzu LC-
20AD HPLC pump and a Shimadzu SIL-20AC HT autosampler (Shimadzu Deutschland GmbH,
Duisburg, Germany). For all measurements, the column temperature was maintained at 40°C,
and the samples were stored at 4°C in an autosampler until injection. Instrument control and
data acquisition were performed using Analyst 1.6.2 software (AB Sciex Germany GmbH,
Darmstadt, Germany). Quantification was based on peak area, with calibration functions
determined using weighted least-squares linear regression. Specific quantitation methods are
detailed below, and the liquid chromatography conditions and tandem mass spectrometry

parameters are provided in Tables S1 and S2, respectively.
Quantitation of iohexol in plasma and urine

For the preparation of plasma and urine samples, 50 uL of each plasma sample or 10 uL of
each urine sample was dispensed into a 96-well plate. To each sample, 10 pL of an iohexol-d5

(internal standard) working solution (5 pg/mL) was added. Plasma samples were
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deproteinized using 200 uL of acetonitrile, while urine samples were deproteinized with 400
uL of acetonitrile. After vertexing the mixture for 30 seconds, it was centrifuged at room
temperature for 15 minutes at 3000 x g. A 150-pL aliquot of the resulting supernatant was
transferred to a 96-well plate for LC-MS/MS analysis. All assays for iohexol concentration in
plasma and urine met the bioanalytical method validation criteria established by the US Food
and Drug Administration (FDA)?*” and the European Medicines Agency (EMA)%*8. The LLOQs
were 25 ng/mL for plasma and 125 ng/mL for urine. Accuracy for plasma and urine quality
control (QC) samples, including LLOQ, low, medium, and high concentrations, ranged from
89.07% to 109.24% of the nominal values. Intra-day and inter-day precision, expressed as

coefficients of variation, were below 6.08% for plasma samples and 6.76% for urine samples.
Quantitation of probe drugs in cell lysate

For sample preparation, cell lysate samples from uptake experiments were vortexed and
centrifuged at room temperature for 2 minutes at 16,100 x g. A 150-pL aliquot of the resulting

supernatant was then transferred to a 96-well plate for LC-MS/MS analysis.
RESULTS

Part 2 In vivo study

Dataset

1. Missing data

Urinary excretion data were unavailable for the 2—4 hour interval in Subject 8 following the
reference dose and for the 14-16 hour interval in Subject 9 following the test dose (see Figure

S4). Consequently, data from these two subjects were excluded from the NCA.
2. Implausible data

Figure S4 shows that the initial plasma concentrations of iohexol in Subject 6 after the test
dose exhibited an absorption-like behavior, suggesting that at least part of the dose might

have been administered paravenously.
Safety

In total, 7 of 12 subjects reported 9 adverse events. None of these were related to iohexol,

while one rated as severe (syncope after venipuncture prior to scheduled iohexol
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administration) was associated with study procedures. Four subjects used single doses of
concomitant medications for the adverse events, including ibuprofen, paracetamol, and
pantoprazole. lbuprofen, as the only one of these drugs with a relevant effect on renal
function, was taken between study periods and is therefore not expected to have influenced

the results.
Population pharmacokinetic analysis
Model evaluation

The visual predictive check (VPC) results (Figure S5) indicated that the medians and 10t and
90t percentiles of the simulated data from the final model were in acceptable agreement
with the observed data. The goodness-of-fit (GOF) plots (Figure S6) demonstrated that the
final model accurately described the observed iohexol plasma concentrations and urinary
excretion. There was good agreement between the observed and individual/population-
predicted plasma concentrations and urinary amounts. Conditional weighted residuals
(CWRES) were randomly scattered around zero, suggesting no systematic deviations in the
model. However, several outliers in plasma concentrations during the early phase after
administration of the test dose were observed in the GOF plots (Figure S6 (b)), primarily from
Subject 6, who displayed an apparent absorption phase, as previously described. The final
point estimates and bootstrap statistics of PK parameters are summarized in Table 3, with no

indications of overparameterization in any of the model diagnostics or the bootstrap results.
Assessing the impact of implausible data

The sensitivity analysis of parameter estimates from models using different datasets is
presented in Table S5. The parameter estimates remained nearly unchanged across models
developed using the entire dataset, the dataset excluding plasma samples taken within 45
minutes after the test dose for the subject with delayed absorption, and the dataset excluding
the respective period. Modeling an absorption phase for this subject and period resulted in a
first-order absorption rate constant of 0.876 hl, a relative bioavailability of 93.6%, and an

improvement in OFV by 185 points, while other parameters were almost identical (not shown).
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SUPPLEMENTARY TABLES

Table S1 Liquid chromatography condition for analytes.

Analyte . Injection  Flow rate Gradient elution %B?
Matrix Standard curve range . . Columns
(1) volume (ut) (mL/min) (min)
Plasma 25-2500 ng/mL .
lohexol 90 (0.0) > 90 (0.2) > SeQuant ZIC -HILIC column
d5) (4.0) > 90 (6.0) Darmstadt, Germany)
Cell lysate 0.5-32ng/mL
3.125 - 800 ng/mL (for hOCT1) 85 (0.0) > 85 (0.1) -~ SeQuant’ZIC™-HILIC column
metformin  Cell lysate 5 0.3 15(0.5) - 15(3.5) = 85 (2.1x100 mm, 5 um, 2004, Merck KGaA,
0.195 - 100 ng/mL (for hOCT2) (4.0) > 85 (7.0) Darmstadt, Germany)
Waters Atlantis HILIC Silica Column 3.0 x
80 (0.0) > 80 (0.25) > 50 mm 5 pm, combined with
PAH Cell lysate 0.49 — 1000 ng/mL 20 0.4  20(2.0) > 20(3.0) > 80 Altantis’HILIC, 5uM VanGuard" Cartridge
(4.0) > 80 (5.0) (Waters Chromatography Ireland
Limited, Dublin, Ireland)
Xbridge®Shield RP18 3.5um, 3.0x100mm
35 (0.0) > 35 (0.25) > Column, combined with Xbridge"BEH
E3S Cell lysate 0.78 — 100 ng/mL 10 0.2 90(3.0) > 90(3.5) > 35 Shield RP183.5uM, VanGuard® Cartridge
(5.5) > 35(9.0) (Waters Chromatography Ireland
Limited, Dublin, Ireland)
90 (0.0) > 90 (0.1) > SeQuant® ZIC*-HILIC column
MPP+ Cell lysate 0.39-25 ng/mL 5 0.3 15(1.0) - 15(3.5) - 90 (2.1 x 100 mm, 5 um, 200A, Merck KGaA,

(4.5) > 90 (6.0)

Darmstadt, Germany)
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IS, internal standard; PAH, para-amino hippuric acid; E3S, Estrone-3-Sulfate; MPP+, 1-Methyl-4-phenylpyridinium.

@ The gradient solvent systems for the compounds are as follows: lohexol (lohexol-d5) and MPP+ were analyzed with 0.1% formic acid in water (A) and
acetonitrile with 0.1% formic acid (B); Metformin was assessed with 10 mM ammonium formate (pH 3.75) (A) and acetonitrile (B); PAH was determined using
10 mM ammonium acetate (pH 4) (A) and methanol with 0.1% formic acid (B); and E3S was evaluated using 10 mM ammonium acetate (pH 8.9) (A) and
methanol (B)
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Table S2 Optimized tandem mass spectrometry parameters for analytes.

Analyte Mode lon transition (Da) DP (volts) CE (volts) CXP (volts)
iohexol positive  821.937 - 374.700 196.000 65.000 16.000
lohexol-ds
(s) positive  826.911 - 607.900 146.000 39.000 28.000
PAH positive  195.134 - 120.100 36.000 15.000 2.000
E3S negative 349.142 - 269.000 -170.000 -48.000 -27.000
MPP+ positive  170.123 - 128.200 131.000 45.000 26.000
metformin  positive  130.176 - 60.000 81.000 19.000 14.000

DP, declustering potential; CE, collision energy; CXP, collision cell exit potential; IS, internal
standard; PAH, para-amino hippuric acid; E3S, Estrone-3-Sulfate; MPP+, 1-Methyl-4-

phenylpyridinium.
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Table S3 Evaluation of in vitro system quality and inhibitory effects of iohexol on these
systems.

In vitro systems Inhibitory effect (% reduction of specific activity)®
fransporter Expression on vs. off? P;’:;?;:LT::I 1 m:\ghc:xilmm 20 mM iohexol
hOAT1 250 (240 to 260) 70 (70 to 71) -0.45 (-0.53 t0 1.3) 3.1(2.8t04.3)
hOAT3 13 (11 to 16) 94 (94 to 94) -4 (-5.6 to -2.4) -3.5(-7.5t0-0.29)
hOCT1 17 (16 to 20) 90 (89 to 90) -9.8 (-12 to -8) -22 (-33to -5.4)
hOCT2 19 (15 to 27) 49 (48 to 50) -13 (-14 to -10) -23 (-26 to -22)
hMATE1 18 (17 to 20) 95 (95 to 95) 5.4 (4.5106.4) 12 (11 to 14)
hMATE2K 8(7.3t08.8) 75 (75 to 76) 14 (13 to 16) 26 (25 to 28)
hOATP1B1 17 (16 to 20) 83 (82 to 83) -6.9 (-9.2 to -4.5) 5.5(4.6t0 7.6)
hOATP1B3 3.3(3.3t03.8) 94 (90 to 96) -2.5(-3.8to -1.6) -21 (-24 to -18)
hMDR1 5.4 (4.8t05.9) 99 (97 to 100) -4.9 (-10to -1.2) 21 (17 to 24)

Stably transfected 293 cells, either with (expression on; n = 4 for hOAT3, n = 3 for other
transporters) or without (expression off; n = 4 for hOAT3, n = 3 for other transporters)
expression of hOAT1, hOAT3, hOCT1, hOCT2, hMATE1, or hMATE2K, were incubated with
transporter-specific probe substrates alone, with prototypical inhibitors, or with 1 mM or 20
mM iohexol. Similarly, 293 cells stably expressing hOATP1B1, hOATP1B3, or hMDR1 vesicles
(transporter-expressing; n = 3), and corresponding controls (empty-vector transfected cells
or control vesicles; n = 3), were incubated with probe substrates alone, with prototypical
inhibitors, or with 2 mM or 20 mM iohexol. Data are presented as the median values with 95%
Cls across all experiments.

@ Uptake rate ratios of probe substrates in transporter-expressing cells or vesicles were
normalized to uptake rates in control cells or vesicles through element-wise division.

b Inhibitory effects of prototypical inhibitors and iohexol were calculated as the percentage
reduction in transporter activity relative to activity with the probe substrate alone, using
element-wise division within each experiment.
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Table S4 lohexol accumulation and uptake ratios in transporter-expressing and non-

expressing 293 cells.

Differences in

Transporter tinl‘\n:l(jr:?rt\iuotr;s) ai:r:::‘cj::::z:;a Uptake ratio®
(pmol/mg protein)
hOAT1 10 -0.39(-3.4to0 1.1) 0.91(0.75to0 1.2)
30 0.98 (-0.62 to 2.1) 1.1 (0.95to 1.3)
hOAT3 10 0.6 (0.1to0 2) 1.1(1to 1.4)
30 0.89(0.19to 1.5) 1.2(1.1to 1.3)
hOCT1 10 0.16 (-1.8 t0 0.79) 1(0.84to01.1)
30 -0.51 (-1.1 to -0.15) 0.89 (0.79 t0 0.97)
hOCT2 10 1.3 (0.007 to 2.6) 1.1(1to01.2)
30 1.5(-1.4t0 2.9) 1.1(0.9to 1.3)
hMATE1 10 0.36(-1.2t0 1.7) 1.1(0.84t0 1.2)
30 -0.67 (-1.6 t0 0.61) 0.92 (0.78 to 1.1)
hMATE2K 10 -0.36 (-1.1 to 0.24) 0.95(0.81to 1.1)
30 0.62 (-0.38to 1.5) 1.1 (0.93 to 1.4)

Stably transfected 293 cells, either expressing (n = 4 for hOAT3; n = 3 for other transporters)
or not expressing (n =4 for hOAT3; n = 3 for other transporters) hOAT1, hOAT3, hOCT1, hOCT2,
hMATE1, or hMATE2K, were incubated with 10 uM iohexol for 10 and 30 minutes,
respectively. Each experiment was performed in triplicate, with each assay conducted on a
separate day. Data are presented as the median values with 95% Cls across all experiments.

@ The difference in iohexol accumulation between transporter-expressing and control cells
was determined by element-wise subtraction of intracellular iohexol accumulations under
"expression off" from that under "expression on" conditions for each transporter and
experimental group.

b The ratio of iohexol uptake rates in transporter-expressing cells compared to non-expressing
cells was calculated through element-wise division within each transporter and experimental

group.
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Table S5 Sensitivity analysis of parameter estimates from models using different datasets.

Final model® Model 1° Model 2¢
Parameters Estimate RSE (%) Estimate RSE (%) Estimate RSE (%)
CLg (L/h) 5.50 4.22 5.45 4.33 5.49 4.22
Vi (L) 9.06 4.88 8.91 4.49 8.90 4.64
Qi (L/h) 0.221 14.7 0.219 15.3 0.227 16.2
V2 (L) 1.56 7.74 1.54 8.31 1.57 8.24
Q; (L/h) 5.84 18.5 5.53 17.6 5.38 17.7
Vs (L) 4.34 7.37 4.30 6.88 4.30 6.65

Inter-individual variability (CV%)

CLr 14.0 29.5 14.4 28.9 14.2 28.5
Vi 16.6 24.0 16.8 25.4 17.2 215
Vs 14.0 21.3 15.1 20.1 13.8 22.9
Vs 15.5 18.8 15.0 17.9 13.5 19.5

Inter-occasion variability (CV%)

CLr 2.51 29.1 3.69 33.2 2.33 26.3
Vi 6.23 39.2 4.82 48.4 3.87 36.2
Q. 29.2 50.0 23.7 40.6 17.1 47.9

Residual variability (CV%)
plasma 11.3 17.9 8.94 4.40 8.84 4.85

urine 25.0 20.7 25.5 20.4 25.4 21.0

RSE%, relative standard error expressed as a percentage; CLg, renal clearance; Qi and Qg,
intercompartmental clearances; Vi, central volume of distribution; V., and V3 peripheral
volumes of distribution; CV%, coefficient of variation expressed as a percentage, CV% for

Inter-individual and Inter-occasion variability computed as./exp(w?) — 1, CV% for residual

unexplained variability computed as/exp(c?) — 1.

@ The final model was developed using the entire dataset.
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b Model 1 was developed excluding samples taken within 45 minutes after the test dose for
the subject with delayed absorption

¢ Model 2 was developed excluding all data from the subject with delayed absorption when
receiving the iohexol test dose.
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Figure S1 The accumulation of iohexol in 293 cells with or without the expression of hOAT1,
hOAT3, hOCT1, hOCT2, hMATE1, or h(MATE2K.

Stably transfected 293 cells, either expressing (expression on; n=3 or 4) or not expressing
(expression off; n=3 or 4) hOAT1, hOAT3, hOCT1, hOCT2, hMATE1, or hMATE2K, were
incubated with 10 uM iohexol for 10 and 30 minutes, respectively. Each dot represents an
individual dish. The columns and their error bars indicate the 5%, 50", and 95" percentiles of
the data.
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Figure S2 Impact of iohexol on the transport of standard substrates mediated by hOAT1,
hOAT3, hOCT1, hOCT2, hMATE1, or hAMATE2K.

Stably transfected 293 cells, either with (expression on; n=3 or 4) or without (expression off;
n=3 or 4) the expression of hOAT1, hOAT3, hOCT1, hOCT2, hMATE1, or hMATE2K were
incubated with the probe substrate for each transporter. The conditions included incubation
with the standard substrate alone (Neg), with the respective positive inhibitor (Pos), or with
1 mM iohexol (+1 mM) or 20 mM iohexol (+20 mM). Each experiment was conducted three
times. Each dot represents an individual dish. The columns and their error bars indicate the
5th, 50t and 95 percentiles of the data.
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Figure S3 Impact of iohexol on the transport of standard substrates mediated by hOATP1B1,

hOATP1B3, or hMDR1.

Stably transfected 293 cells expressing hOATP1B1, hOATP1B3, or hMDR1-expressing vesicles
(transporter-expressing; n=3), along with control cells transfected with empty vectors or
control vesicles (control; n=3), were incubated with transporter-specific probe substrates.
Incubation conditions included: probe substrate alone (Neg), with a positive control inhibitor
(Pos), or with iohexol at 2 mM (+2 mM) or 20 mM (+20 mM). Each dot represents a single well.
Columns and error bars represent the 5, 50%, and 95 percentiles.
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Figure S4 Time-course of log-scaled iohexol plasma concentrations and urinary excretion.

(a) Log-scaled iohexol plasma concentrations over time following the reference and test doses,
respectively. (b) Log-scaled urinary excretion amounts per collection interval following the
reference and test doses, respectively. Data points are represented by dots: non-BQL (above
the quantification limit) values are color-coded to match their respective lines, while BQL
(below the quantification limit) values are highlighted in yellow. Note: urinary excretion data
were unavailable for the 2—4 hour collection interval for Subject 8 after the reference dose,
and for the 14-16 hour interval for Subject 9 after the test dose.
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Figure S5 Visual predictive check (n = 1000) for the final model stratified by plasma and
urine data, and categorized by reference and test dose levels.

Dots illustrate observed data points. Solid (dashed) black and red lines represent medians
(10%, and 90t percentiles) of observations and simulated data, respectively; red, green, and
red areas represent 95% confidence intervals of the 10™, 50, and 90" percentiles of
simulated data. The X-axis represents the sampling time (hours) for plasma data and the time
at the end of the collection interval (hours) for urine data.
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Figure S6 Goodness-of-Fit plots for the final model.

Panels (a) and (b) show plasma concentrations following the reference and test doses,
respectively. Panels (c) and (d) display urinary excretion amounts following the reference and
test doses, respectively. DV (dependent variable) represents observed plasma concentrations
or urinary excretion amounts per collection interval. PRED (population prediction) indicates
the predicted plasma concentration or urinary excretion amount per collection interval for
the population; IPRED (individual prediction) denotes the predicted plasma concentration or
urinary excretion amount per collection interval for each individual. CWRES represents
conditional weighted residuals; TIME represents plasma sampling times or the end of each
urine collection interval. Data points are depicted as open circles. Solid black lines represent
the line of identity or a residual of 0, while dashed black lines show reference lines at y = +1.96.
Red dashed lines indicate locally weighted smoothing lines.
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Abstract

Purpose Adefovir (as dipivoxil) was selected as a probe drug in a previous transporter cocktail phenotyping study to assess
renal organic anion transporter 1 (OAT1), with renal clearance (CLg) as the primary parameter describing renal elimination.
An approximately 20% higher systemic exposure of adefovir was observed when combined with other cocktail components
(metformin, sitagliptin, pitavastatin, and digoxin) compared to sole administration. The present evaluation applied a population
pharmacokinetic (popPK) modeling approach to describe adefovir pharmacokinetics as a cocktail component in more detail.
Methods Data from 24 healthy subjects were reanalyzed. After establishing a base model, covariate effects, including the
impact of co-administered drugs, were assessed using forward inclusion then backward elimination.

Results A one-compartment model with first-order absorption (including lag time) and a combination of nonlinear renal and
linear nonrenal elimination best described the data. A significantly higher apparent bioavailability (73.6% vs. 59.0%) and a
lower apparent absorption rate constant (2.29h! vs. 5.18 h™1) were identified in the combined period compared to the sole
administration period, while no difference was seen in renal elimination. The population estimate for the Michaelis-Menten
constant (K) of the nonlinear renal elimination was 170 nmol/L, exceeding the observed range of adefovir plasma maxi-
mum concentration, while the maximum rate (V.. ) of nonlinear renal elimination was 2.40 pymol/h at the median absolute
estimated glomerular filtration rate of 105 mL/min.

Conclusion The popPK modeling approach indicated that the co-administration primarily affected the apparent absorption
and/or prodrug conversion of adefovir dipivoxil, resulting in the minor drug-drug interaction observed for adefovir as a
victim. However, renal elimination remained unaffected. The high K, value suggests that assessing renal OAT1 activity by
CLg has no relevant misspecification error with the cocktail doses used.

Keywords Adefovir - Population pharmacokinetics - Nonlinear renal elimination - OAT1-mediated drug-drug interactions

Introduction “cocktail approach,” which uses a combined administra-

tion of selective probe drugs for various transporters, is
Membrane transporter proteins play a key role in the  a valuable approach for the simultaneous investigation of
pharmacokinetics of drugs and are a potential target for  several DDIs in a single clinical trial [2]. Although several
transporter-based drug-drug interactions (DDIs) [1]. The  cocktails have been established [3-5], the specificity of
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probe substances and the suitability of their pharmacoki-
netic (PK) parameters for characterizing transporter activi-
ties need to be investigated in more detail.

The organic anion transporter 1 (OAT1; gene name
SLC22A6), predominantly located in the basolateral mem-
brane of renal proximal tubular cells and mainly respon-
sible for renal disposition of numerous prescribed drugs
(e.g., diuretics and antivirals) [6], has been highlighted
by regulatory agencies as a key transporter involved in
potential DDIs [7, 8]. In order to establish a “more selec-
tive” cocktail, according to the suggestions by the FDA
guideline [7], adefovir dipivoxil was selected as a specific
probe drug for renal OAT1 activity in a previous clinical
DDI cocktail study [3], as it is highly selective for OAT1
in vitro [9]. In addition, renal clearance (CLy), which
only depends on renal excretion driven by plasma con-
centrations and is independent of other PK processes (e.g.,
drug absorption or conversion rate form its prodrug), was
selected as the appropriate and practical primary metric
to reflect renal OAT1 activity [3]. While the use of renal
secretion of adefovir to assess OAT1 activity is considered
the gold standard, this metric depends on a precise meas-
urement of glomerular filtration rate (GFR) and fraction
unbound (fu), which were unavailable in the study [3]. In
the case of adefovir with fu close to 1 [10], the unavail-
ability of this parameter however is of little relevance.

Although the primary metric supported the absence of
relevant interactions of adefovir with the other components
of the cocktail (including 100 mg sitagliptin, 500 mg met-
formin, 2 mg pitavastatin, and 0.5 mg digoxin), an approx-
imately 20% increase in systemic exposure for adefovir
was observed during concomitant administration [3]. This
indicated that there might still be some minor inhibition of
OAT1, and/or an effect on other PK processes of adefovir
might be present [3]. Extended in vitro analyses, how-
ever, did not support an effect of the other cocktail com-
ponents on OAT1 activity [11]. Unfortunately, the non-
compartmental analysis (NCA) applied in this trial could
not explain the changes of PK processes in more detail.

Understanding the minor DDI observed for the vic-
tim drug adefovir in more detail also needs to take into
account that OAT1-mediated secretion of adefovir (almost
60% of renal elimination [2]) might be saturable at stud-
ied concentrations. While this hypothesis might not be
fully supported by in vitro findings, since adefovir peak
plasma concentrations (C__,) obtained in the clinical
trial (5.56-91.0 nmol/L following a single dose of 10 mg
adefovir dipivoxil [3]) were well below the Michaelis-
Menten constant (K, , mean + standard deviation [SD]
23.8+4.2 umol/L) observed in the studies [12, 13], there
is evidence that such saturation may exist in vivo. Non-
linearities in adefovir C,,, and/or area under the curve
(AUC) have been reported in infants, children infected
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with HIV, and in adult volunteers [14, 15]. However, a
detailed description of the PK processes contributing to
the renal elimination of adefovir is currently lacking. If
such non-linearities are not properly considered, the reli-
ability of adefovir metrics for detection and quantification
of potential DDIs might be affected in the cocktail.

Given these challenges, population pharmacokinetic
(popPK) modeling might allow to gain a more mechanistic
insight into the potential PK processes involved in the minor
DDI observed for adefovir and to identify a possible nonlin-
ear elimination process more precisely.

Materials and methods
Clinical study

Data from 24 healthy subjects in the previous clinical trial
were reanalyzed [3]. The trial (ClinicalTrials.gov identifier:
NCT02743260) was approved by the Ethics Committee of
the Medical Faculty of the University of Cologne, Germany
(application number 15-421; approval date: February 19,
2016). Conductance adhered to the pertinent version of the
Declaration of Helsinki and to International Conference on
Harmonization guidelines for Good Clinical Practice. All
subjects gave informed consent. In this trial, a single 10 mg
dose of adefovir dipivoxil was given alone and in combina-
tion with four aforementioned probe drugs in the reference
and test periods, respectively. Plasma and urine concentra-
tions of adefovir were measured up to 24 h using a validated
HPLC-MS/MS method [16]. Lower limits of quantification
(LLOQs) for adefovir were 0.998 nmol/LL in plasma and
0.382 pmol/L in urine, respectively [16]. The PK param-
eters of adefovir in reference and test periods were initially
estimated via NCA using Phoenix WinNonlin™ (Version
7.0, Certara, NJ, USA), based on the concentration profiles
in plasma and urine [3].

Basic population pharmacokinetic analysis

A popPK model of adefovir was developed using the non-
linear mixed-effects modeling program NONMEM 7.5.0
(ICON plc, Dublin, Ireland), Perl speaks NONMEM (PsN
5.2.6), and Pirana 3.0.0 (Certara, Princeton, NT). R version
4.2.1 (R Foundation for Statistical Computing, Vienna, Aus-
tria) was used to build figures for model evaluations and
for statistical summaries. The base model was developed
starting from a one-compartment model, and model com-
plexity was increased step by step. Inter-individual (IT'V)
and inter-occasion variability (IOV) of PK parameters were
estimated assuming log-normally distributed individual PK
parameters, and additive, proportional, and combined resid-
ual error models were evaluated. To identify a suitable base
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model, we focus on Bayesian information criterion (BIC)-
based comparisons, which penalize model complexity and
mitigate the risk of overfitting [17].

The elimination of adefovir was modeled with two
components: renal clearance (CLg) and nonrenal clearance
(CLyg)- Since adefovir exhibits negligible plasma protein
binding (<3.0%) [10] and was not quantified in the study,
we assumed that fu=1 for modeling purposes. Employing
a one-compartment model with first-order absorption, two
elimination models were considered. “Model 1” assumed
linear kinetics for both renal and nonrenal elimination. In
“Model 27, renal elimination followed Michaelis-Menten-type
nonlinear kinetics, while nonrenal elimination retained linear
kinetics. The details of these models are presented in Table 1.

Covariate evaluation

For covariate evaluations, we utilized objective function
value (OFV)-based statistical tests, employing a forward
inclusion and backward elimination approach to investigate
the influence of co-administered drugs, demographic, and
physiological variables. We evaluated the impact of concur-
rent administration of cocktail components on adefovir PK by
separately determining all parameters for both reference and
test periods after establishing a reasonable base model. To
identify the impact of demographic and physiological factors
on PK parameters, we individually added variables like age,
sex, body weight, body mass index (BMI), body surface area
(BSA), serum creatinine concentration, serum cystatin C con-
centration, and absolute estimated GFR (AGFR) to the base
model. GFR was estimated via the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) 2012 equation [18]
and adjusted to AGFR based on individual BSA, determined
using the Mosteller formula [19].

Covariates that resulted in a significant decrease (p < 0.05,
chi-squared distribution with one degree of freedom) of at
least 3.84 in the OFV from the basic model and a reduction
in the variability of the PK parameter were included. All
significant covariates were simultaneously integrated into

a comprehensive “full” model. Subsequently, each covari-
ate was individually removed from the “full” model. If the
increase in OFV exceeded 6.64 (p <0.01, chi-squared dis-
tribution with one degree of freedom), indicating significant
association with the PK parameter, it was retained in the
final model.

Model evaluation

Model validation was based on graphical and statistical cri-
teria. Goodness-of-fit (GOF) plots, which included observed
versus population prediction; observed versus individual
prediction; conditional weighted residuals (CWRES) versus
time and CWRES versus population prediction were initially
used for diagnostic purposes [20]. The stability and predic-
tive performance of the final model were further validated
by non-parametric bootstrap analysis and visual predictive
check (VPC) techniques [21, 22]. For the bootstrap analy-
sis, resampling was repeated 1000 times, and medians and
95% confidence intervals (CIs) for the estimated parameters
obtained from the bootstrap procedure were compared with
the final model estimates [23]. Regarding the VPC, 1000
datasets were simulated using the final population model
parameters, and 95% CIs for 2.5, median (50", and
97.5™ percentiles of simulated data were calculated and then
compared with the observations [21, 22].

Calculation of individual average CLg and individual
half-live (t, ;)

The reliability of model parameter estimates were further
evaluated by comparing them to previous NCA results [3].
‘While most parameters could be directly compared, the com-
parison of CLy between NCA and popPK analysis required
special consideration due to its dependence on concentration
and changes over time in cases of saturable/nonlinear elimi-
nation. In the popPK analysis, individual average CLj values
were derived from the empirical Bayes estimates (EBEs)
generated by our final model. The EBEs were obtained by

Table 1 Summary of population

— Model
pharmacokinetic models

Model 1

Model 2

Absorption model

Elimination model CLy
CLyg

Differential equation

Linear
Linear

First-order absorption with lag time

Michaelis-Menten-type nonlinear
Linear
a4
=—KA, e Y
diy Visa [V
: =K Ay — Kypdy — Kphy d_: = KAy — Kypdy — Km+Az/V
= s Vo[V
=EKp4y di KA,V

CL renal clearance, CL,, nonrenal clearance, r time, A adefovir amount in a compartment, adefovir
amounts in the absorption, central, and urine compartments are represented by A,, A, and A;, respectively,
K, first-order absorption rate constant, V volume of distribution in the central compartment, K, linear
nonrenal elimination rate constant, K, linear renal elimination rate constant, X, Michaelis-Menten constant
for nonlinear renal elimination, V, . maximum rate of nonlinear renal elimination
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integrating the Michaelis-Menten-type nonlinear renal clear-
ance over the observation time period and dividing by the
duration of the observation period. Therefore, this provides
the average CLy values during the observation period for
each subject, accounting for the plasma concentrations of
adefovir as described by the model.

Furthermore, individual t,,, of adefovir was computed
using the formula: ¢, , = LT where CL represents indi-
vidual total body clearance derived from CLy +CLyy. Here,
CLy, represents the aforementioned individual values, while
CLyg and the volume of distribution (V) represent the indi-
vidual EBEs obtained from the final model.

Results

Twenty-four healthy subjects (14 female) with the mean +SD
BMI of 24.5+3.10 kg/m” and age of 40.4 + 16.0 years com-
pleted the clinical trial [3], resulting in 1101 adefovir plasma
and urine concentrations for the popPK analysis. Detailed
information on the demographic characteristics of subjects
is provided in Supplemental Table 1s. A total of 9 (0.817%)
samples with concentrations lower than the LLOQs were
removed from the analysis. Supplemental Fig. 1s shows the
plasma concentration and urine excretion profiles of adefovir
over time.

Population pharmacokinetic analysis
Adefovir base model

Plasma and urine samples were jointly analyzed using a
one-compartment model, incorporating first-order absorp-
tion (including lag time) and combined renal and nonrenal
elimination. This model adequately described adefovir con-
centrations in both plasma and urine and was selected as the
base model. Implementation of nonlinear renal elimination
decreased the OFV by 23.2 compared to linear renal elimi-
nation. ITV was found to be significant on the maximum
rate (V) of nonlinear renal elimination and V. Introduc-
tion of IQV for apparent bioavailability, apparent absorp-
tion rate constant (K,), lag time, and V improved the model
significantly (OFV reduced by 400, 212, 61.6, 235 points,
respectively). The residual unexplained variability of both
plasma and urine data was best described by proportional
error models.

Covariate model for effects of co-treatment

All potential PK parameters were separately assessed for
reference and test periods. As aresult, a significantly higher
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apparent bioavailability was identified in the test period
(point estimate 73.6%) compared to the published value
of 59.0% [24] which was inputted for the reference period
(drop in OFV by 7.39). Additionally, a significant decrease
in apparent K, was observed during the test period (2.29 h™")
compared to the reference period (5.18 h™), resulting in a
decrease of OFV by 9.11. Introducing additional PK param-
eters for reference and test periods separately did not result
in significant model improvement.

Final model with demographic and physiological covariates

Several demographic and clinical parameters (age, body
weight, body height, sex, BML BSA, serum creatinine and
cystatin C concentrations, and AGFR) were tested as poten-
tial covariates on PK parameters. After stepwise covariate
model building, AGFR on V. was the only statistically
significant covariate retained in the model (drop in OFV
of 12.2 points). The final covariate model on V. is there-
fore represented by TVV = 6 . X (AGFR /105), where
TVV, . is the typical value of V. and 105 mL/min is the
median AGFR. Using a power relationship instead of a pro-
portional relationship to describe the effect of AGFR did not
improve the model. The key model development steps are
summarized in Table 2.

Model evaluation

The VPC results (Fig. 1) showed that medians and 2.5" and
97.5" percentiles of the simulated data from the final model
incorporating Michaelis-Menten-type nonlinear renal elimi-
nation (“Nonlinear model”) were in acceptable agreement
with the observations. To facilitate a comparison between
models with and without nonlinear renal elimination, an
additional VPC is presented. This VPC is based on a linear
renal elimination model (“Linear model”), which also incor-
porates AGFR as a covariate using a proportional equation,
this time on CLy, to adjust for individual differences in renal
function. Apart from a higher population variability in simu-
lated compared to observed urine excretion amounts with
both models, the VPC of the “Nonlinear model” shows no
obvious misspecification, while it performs slightly better
than the “Linear model,” particularly concerning the initial
high adefovir amounts excreted in urine. The GOF plots
(Supplemental Fig. 2s) demonstrated that the final model
adequately described the observed adefovir plasma concen-
trations and urinary excretion, exhibiting a satisfactory fit
without notable trends. This suggests the absence of sys-
tematic deviations in the model. The final point estimates
and bootstrap statistics of PK parameters are summarized in
Table 3. There are no indications of overparameterization in
any of the model diagnostics or the bootstrap results.
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Table 2 Summary of key model development steps

Model Description OFV

Base model

1 One-compartment model with first-order absorption (including lag time) and 6401.44
combined Michaelis-Menten type nonlinear renal and linear nonrenal elimination

Covariate model for effects of co-treatment

2 Base model with separate estimates of apparent bioavailability for reference and test 6394.05
periods

3 Model 2 with additional separate estimates for apparent X, for reference and test 6384.89
periods

Final model with demographic and physiological covariates

4 Final model with AGFR as a covariate on V. 6372.69

OFYV objective function value, K, first-order absorption rate constant, AGFR absolute estimated glomerular filtration rate

Calculation of individual average CL and individual t,,

The median (range) individual average CLy and individual
ty, values for adefovir during the reference and test periods
were 12.4 (7.97-34.0) L/h and 6.59 (5.61-8.45) h, and 12.2
(7.82-31.0) L/h and 6.35 (5.07-9.01) h, respectively.

Discussion

The present popPK analysis identified that changes in appar-
ent absorption rate and apparent bioavailability, rather than
changes in renal elimination, are the primary causes of the
slight DDI that was found for adefovir as a victim when
co-administered with other transporter probe substrates.
Although the identified nonlinear renal clearance of adefovir
is not saturated at the standard dose, further dose reduction
in the existing transporter phenotyping cocktail might avoid
even minor DDIs.

In this evaluation, plasma and urine data could be rea-
sonably explained by a one-compartment model with first-
order absorption (including lag time) and a combination of
Michaelis-Menten-type nonlinear renal and linear nonrenal
elimination. Despite previous studies reported that adefo-
vir plasma levels declined biexponentially [10, 25, 26], our
investigation did not reveal an observable biphasic decline
in the semi-log plots (Supplemental Fig. 1s). Introducing a
second compartment to the one-compartment base model
did not significantly improve the BIC score (drop in BIC by
1.44), residual unexplained variability, or VPCs. Therefore,
the one-compartment model was chosen as the final model.

The estimates for PK parameters of adefovir we pre-
sent here are in line with the previous NCA conducted
on the same dataset [3]. According to the final model,
the individual apparent volume of distribution (V/F) for
adefovir was calculated based on the individual EBEs of
V divided by individual EBEs of F. The median of these
individual values was 369 L and 308 L in the reference

and test periods, respectively. These values are comparable
to the geometric mean values obtained from the previous
NCA study, which reported 368 L and 307 L for the cor-
responding periods [3]. Additionally, the median (range)
CLj and t,, values for adefovir during the reference and
test periods in this evaluation are in accordance with those
reported in the NCA study [3]. According to the NCA,
during the reference period, the geometric mean (95% CI)
CLg and the geometric mean (95% CI) t,, of adefovir were
12.3 (6.06—24.9) L/h and 6.38 (4.68-8.72) h, respectively.
In the test period, these values were 11.3 (7.26-17.8) L/h
and 6.58 (5.05-8.57) h, respectively [3].

In our analysis, after normalizing for body weight,
median individual values for V/F, CLg, and CL/F are 4.89
L/kg, 0.175 Lih/kg, and 0.493 L/hkg, respectively. Moreo-
ver, the median urinary recovery over 24 h is 46.4%. These
findings align with the characteristics reported in the sum-
mary of product characteristics for HEPSERA® (adefovir
dipivoxil) tablets [23] and are consistent with observations
by Sokal et al. [26]. Sokal et al. studied adolescents aged
12-17 years, finding mean +SD values of 0.739+0.192
L/h/kg for CL/F, 7.16 + 1.6 L/kg for V/F, and 6.84 +0.97 h
for t,, after a single oral dose of 10 mg adefovir dipiv-
oxil [26]. However, our results were slightly lower than
those reported by Hughes et al. [135] in infants and children
(3 months—18 vears) after a 1.5 mg/kg adefovir dipivoxil
dose, showing a median CL/F of 1.0 L/h/kg and a median
V/F of 8.1 L/kg. Conversely, our estimates of CL/F and V/F
were slightly higher than those reported by Shiffman et al.
[27] in patients with mild renal impairment (creatinine
clearance > 50 to < 80 mL/min), reflecting a mean CL/F
of 0.270 L/h/kg and a mean V/F of 2.6 L/kg [27]. These
discrepancies may stem from physiological variations due
to factors such as growth, development, and disease.

In the study by Cundy et al. [10], a comparable mean+SD
value for CLy was observed at 0.205 +0.078 L/h/kg. Nev-
ertheless, they reported a lower V at 0.418 £0.076 L/kg, a
shorter t,, of 1.6+0.5 h, and areduced CL of 0.223 +0.053
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Fig. 1 Visual predictive check (# =1000) for the final model stratified
by plasma and urine data, and categorized by renal climination mod-
els: linear (“Linear model”) and nonlinear (“Nonlinear model”). Open
circles illustrate observed data points. Solid (dashed) black and blue

L/h/kg compared to our study. This discrepancy was noted
following the intravenous administration of adefovir at 1
or 3 mg/ke/day in HIV-infected patients [10]. Considering
adefovir dipivoxil, an ester prodrug of adefovir, may rap-
idly convert to adefovir after administration [28], it is not
probable that adefovir dipivoxil pharmacokinetics play an
important role in estimating the PK parameters of adefovir.
Therefore, the underlying mechanisms of this difference
remain unclear.

@ Springer

lines represent medians (2.5 and 97.5% percentiles) of observations
and simulated data, respectively: blue, gray, and blue arcas represent
95% confidence intervals of the 2.5™, median, and 97.5™ percentiles
of simulated data

While Sun et al. [14] and Huang et al. [25] reported
12 values similar to those in our study, Sun et al. pre-
sented notably low mean values for / (7.0 mL/kg) and CL/
(0.63 mL/h/kg) following a 10 mg oral dose of adefovir
dipivoxil [14]. These values diverge from the mean serum
concentration—time curves presented in their manuscript,
prompting us to consider a potential unit mislabeling in the
published results—suggesting “I.” may be more appropri-
ate than “mL.” Should this correction prove accurate, it
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Table 3 Population

L Parameter (unit) Point estimate RSE % Bootstrap median (95% CI)
pharmacokinetic parameters of
adefovir and bootstrap results Fixed effects
ALAG (h) 0.122 17.2 0.123 (0.0819-0.162)
V(L) 235 14.1 233 (196-321)
CLyg (L/h) 11.8 257 11.6 (8.52-20.2)
K, (nmol/L) 170 26.3 170 (122-295)
Viax (pmol/h) 2.40 23.5 2.42 (1.80-3.88)
Impact of co-treatment
Fy 0.590 fixed - -
Fy 0.736 13.5 0.731 {0.629-0.999)
Kg (™) 5.18 20.5 5.14 (3.54-7.74)
Ko™ 2.29 17.6 2.30 (1.66-3.30)
Inter-individual variability (CV%)
v 17.1 22.1 16.3 (10.5-21.8)
Viax 19.1 42.2 18.4 (6.32-29.6)
Inter-occasion variability (CV%)
F 28.5 33.8 28.0 (11.648.1)
K, 104 14.9 101 (69.1-150)
ALAG 76.9 32.9 75.4 (43.0-129)
v 8.30 32.3 8.29 (4.90-11.2)
Residual unexplained variability (CV%)
Proportional error, plasma 9.50 7.57 9.45 (8.23-10.9)
Proportional error, urine 28.1 18.7 27.7 (17.9-39.5)

RSE% relative standard error in percent, CI confidence interval, ALAG lag time for first-order absorption, V'
volume of distribution, CZL,s linear nonrenal clearance, X, Michaelis-Menten constant for nonlinear renal
elimination, V). maximum rate of nonlinear renal elimination, ¥ bioavailability, the bioavailability of the
reference and test periods are represented by Fr, and F; respectively, £, first-order absorption rate constant,
the first-order absorption rate constant of the reference and test periods are represented by Kz and K,p,
CV% coefficient of variation in percent, CV% for inter-individual and inter-occasion variability computed

exp(coz) — 1, C'V% for residual unexplained variability computed as

would better align with the results of our current study. In
contrast, Huang et al. reported a higher CL (1.00 L/lvkg)
and a higher V (10.7 L/kg) after a 10 mg dose of adefovir
dipivoxil [25]. We attribute this discrepancy to an error in
their article, where they indicate, “open circles represent
observed adefovir dipivoxil concentrations” [25]. It appears
they inadvertently used adefovir dipivoxil as the moiety for
concentrations instead of adefovir, inflating both and CL
in their analysis. Overall, published data on adefovir phar-
macokinetics show a remarkable variability in clearance and
volume of distribution.

To evaluate the influence of co-treatment on PK parame-
ters, we employed two approaches. Firstly, we independently
evaluated PK parameters for reference and test periods.
Additionally, we integrated co-treatment effect as a covariate
on the PK parameters. The relative differences in PK param-
eters between these periods, as estimated by both methods,
are consistent and resulted in an equivalent reduction of the
OFV. To allow for greater flexibility in identifying poten-
tially more fundamental distinctions in the description of PK
processes between periods, we finally conducted a separate

\/exp(az) -1

assessment of PK parameters for each of the reference and
test periods, respectively. After a detailed assessment of
the parameters in various PK processes using the popPK
model, a higher apparent bioavailability, but a slower appar-
ent absorption rate of adefovir when co-administered with
the cocktail, has been identified. These findings indicate
potential changes in the apparent absorption of adefovir
dipivoxil or prodrug conversion, contributing to increased
systemic exposure during co-administration with the cock-
tail, as observed in the previous DDI study [3]. Based on
sporadic studies, a potential mechanism to explain this result
may stem from the co-administered drugs exerting inhibi-
tory effects on the intestinal multidrug resistance-associated
protein 2 (MRP2, ABCC?2). This protein mediates unidirec-
tional transport of adefovir to the intestinal lumen within
enterocytes [29-31]; thus, inhibition may enhance the
bioavailability of adefovir. Furthermore, the model-based
approach did not support the inclusicn of V. for reference
and test periods separately. Additionally, no significant dif-
ference was observed in the median CL; between reference
and test periods. This suggests that CLy remains unaffected
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by the other concomitantly administered probe drugs and
may reliably reflect changes in the renal OAT1 activity,
which is rate limiting for adefovir renal excretion [2, 9, 10].

The final model, incorporating a nonlinear renal elimi-
nation, provides an appropriate description of the data, as
supported by the supplemental figures. The adefovir renal
clearance plot (Supplemental Fig. 3s) indicates a deviation
from linearity in urinary excretion at high concentrations,
which is well described by the nonlinear renal clearance
model. The residual plot (Supplemental Fig. 4s) illustrates
clearly biased descriptions of urinary excretion with a lin-
ear model at high concentrations, supporting that the linear
clearance model is inadequate. Furthermore a model with
nonlinear renal elimination offers a physiologically plausible
representation for adefovir renal elimination. Adefovir pri-
marily undergoes OAT1-mediated tubular secretion, a pro-
cess that could potentially saturate and complement kidney
filtration. Calculated as CLy — fu*GFR (with a median GFR
of 6.28 L/h in this study) [2], adefovir secretion accounts
for over 50% of CLy in this study, aligning with findings
in previous reports [10, 24]. The population estimate (95%
CI) for K., in nonlinear renal elimination is 170 (122-295)
nmol/L, which is lower than in vitro studies (mean +£SD
23.8+4.2 ymol/L) [11, 12]. This disparity may stem from
challenges in replicating the dynamic in vivo environment
in controlled in vitro settings and differences in techniques.
Despite this, it exceeds the observed adefovir C ., range
(5.56-91.0 nmol/L). Thus, this mechanism is expected to
have little influence on systemic exposure and is considered
clinically insignificant at therapeutic doses. However, this
result suggests that a reduction of adefovir dose as part of
the transporter probe cocktail may be considered in future
studies to prevent relevant transporters to be saturated, and
to minimize any impact on other cocktail components.

As discussed in the “Introduction” section, indeed there
is some prior evidence for nonlinearity on adefovir pharma-
cokinetics [14, 15], albeit nonlinear renal clearance has not
been shown yet [10, 25-27, 32-34]. The possible reason
might be that such finding requires a popPK evaluation to
gain a more detailed understanding of the role of individual
PK processes for the pharmacokinetics of adefovir, while
most of previous studies assessed the PK of adefovir by
noncompartmental methods, which may provide insufficient
information of individual PK processes [10, 14, 27]. Another
possible reason could be that the extent of saturability in
adefovir’s elimination, based on the recommended single
dose of 10 mg, was relatively small. Therefore, both plasma
measurements and urine collection might be necessary for
a sound estimation of the nonlinearity. This could explain
why Jihan Huang reported first-order elimination for adefo-
vir in their popPK study [25].

&£ Springer

The model could not be improved further by incorporating
the AGFR as a component of CL; in addition to nonlinear
renal clearance. Although it might better reflect the physi-
ological conditions of the renal excretion of adefovir, which
involves both active tubular secretion and glomerular filtra-
tion, this approach resulted in unstable parameter estimates
of K and V. (RSEs> 1000%). As a result, we were unable
to estimate the K | value of true renal secretion, which might
become more saturated at therapeutic adefovir concentrations.

Another limitation of this study is that it only included
healthy adults who received a standard dose. To gain a com-
prehensive understanding of the nonlinear renal elimination
of adefovir, future studies would need to include more dose
levels, particularly higher doses, in diverse populations with
varying degrees of renal function.

Conclusion

In conclusion, the popPK modeling approach showed that
the minor DDI observed for adefovir as a victim when
co-administered with other transporter probe substrates is
caused by an effect on apparent absorption and/or formation
of adefovir from the prodrug, but not by an effect on renal
elimination. Renal elimination of adefovir was found to be
saturable, which should reflect its active renal secretion. The
high K| value suggests that the use of renal elimination of
adefovir to assess renal QAT1 activity is not compromised
by saturability, while using a lower adefovir dose (e.g., to
50%) may provide an additional safety margin.
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Supplementary Material for Publication lll

Supplemental Table 1s Demographic characteristics of subjects

Demographic characteristics No. or median (range)
No. of subjects (male/female) 24 (10/14)
Age (y) 35(20-68)
Body weight (kg) 71.3(55.5-94.9)
Body height (cm) 172 (160 - 188)
BMI (kg/m?) 24.5(19.5-29.7)
BSA (m?) 1.83 (1.59 - 2.18)
AGFR (mL/min) 105 (77.5 - 136)

Serum creatinine concentration (mg/dL)  0.855 (0.660 - 1.14)

Serum cystatin C concentration (mg/L) 0.835 (0.660 - 1.10)

BMI body mass index, BSA body surface area, determined using the Mosteller
formula®®®, AGFR absolute estimated glomerular rate. Glomerular filtration rate
(GFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) 2012 equation'?® and adjusted to AGFR based on individual BSA%>°,
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Supplemental Fig. 1s Semi-logarithmic plots illustrate the adefovir plasma
concentration and the amount of adefovir excreted during the urine collection period
over time in both the reference (circle points and dashed lines) and test (triangle
points and solid lines) periods. The associated symbols and error bars represent
geometric means and geometric standard deviations (SD), respectively.
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Supplemental Fig. 2s Goodness-of-fit plots of the final model for plasma concentrations (a-d) and amounts excreted in urine (e-h). a, e:
Population predicted versus observed for plasma concentrations and amounts excreted in urine; b, f: Individual predicted versus observed for
plasma concentrations and amounts excreted in urine; c, g: Conditional weighted residual versus population predicted for plasma concentrations
and amounts excreted in urine; d, h: Conditional weighted residual versus time after last dose for plasma concentrations and amounts excreted
in urine. Red dashed lines represent locally weighted smoothing lines.
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Adefovir renal clearance plot
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Supplemental Fig. 3s Adefovir renal clearance plots illustrate a comparison between observed and
estimated urinary excretion rates using both nonlinear and linear renal elimination models against
the geometric mean of individual average adefovir plasma concentrations across the five urine
collection intervals in both reference and test periods. The blue open circles represent individual
observations of urinary excretion rate versus average plasma concentrations in each urine collection
interval. The individual average plasma concentrations result from dividing the area under the curve
of observed plasma concentrations by the duration of each urine collection interval. Dashed blue
lines represent locally weighted smoothing lines of these individual observation pairs. Blue solid
square points and error bars depict geometric means and + one geometric SD of observed individual
urinary excretion rates in comparison to the geometric means of individual average plasma
concentrations during each of the five urine collection intervals. Orange and grey lines represent
population predictions of renal excretion rate from the nonlinear and linear models, respectively.
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Supplemental Fig. 4s Residual plots compare the urinary adefovir excretion for both the linear and
nonlinear models during the first urine collection interval. Scatter points represent individual
weighted residuals (IWRES) calculated from the final nonlinear and linear models. Error bars show
the 5™, 50t and 95" percentiles of the data.
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