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Renal Transporter- Mediated Drug- Biomarker 
Interactions of the Endogenous Substrates 
Creatinine and N1- Methylnicotinamide: A PBPK 
Modeling Approach
Denise Türk1 , Fabian Müller2, Martin F. Fromm2 , Dominik Selzer1, Robert Dallmann3  and 
Thorsten Lehr1,*

Endogenous biomarkers for transporter- mediated drug- drug interaction (DDI) predictions represent a promising 
approach to facilitate and improve conventional DDI investigations in clinical studies. This approach requires high 
sensitivity and specificity of biomarkers for the targets of interest (e.g., transport proteins), as well as rigorous 
characterization of their kinetics, which can be accomplished utilizing physiologically- based pharmacokinetic 
(PBPK) modeling. Therefore, the objective of this study was to develop PBPK models of the endogenous organic 
cation transporter (OCT)2 and multidrug and toxin extrusion protein (MATE)1 substrates creatinine and N1- 
methylnicotinamide (NMN). Additionally, this study aimed to predict kinetic changes of the biomarkers during 
administration of the OCT2 and MATE1 perpetrator drugs trimethoprim, pyrimethamine, and cimetidine. Whole- body 
PBPK models of creatinine and NMN were developed utilizing studies investigating creatinine or NMN exogenous 
administration and endogenous synthesis. The newly developed models accurately describe and predict observed 
plasma concentration- time profiles and urinary excretion of both biomarkers. Subsequently, models were coupled to 
the previously built and evaluated perpetrator models of trimethoprim, pyrimethamine, and cimetidine for interaction 
predictions. Increased creatinine plasma concentrations and decreased urinary excretion during the drug- biomarker 
interactions with trimethoprim, pyrimethamine, and cimetidine were well- described. An additional inhibition of NMN 
synthesis by trimethoprim and pyrimethamine was hypothesized, improving NMN plasma and urine interaction 
predictions. To summarize, whole- body PBPK models of creatinine and NMN were built and evaluated to better 
assess creatinine and NMN kinetics while uncovering knowledge gaps for future research. The models can support 
investigations of renal transporter- mediated DDIs during drug development.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Investigations on renal transporter- mediated drug- drug in-
teractions (DDIs) are impeded due to challenging in vitro to in 
vivo translation.
WHAT QUESTION DID THIS STUDY ADDRESS?
 How can the application of a biomarker- informed approach sup-
port conventional investigation on DDIs and how can mechanistic 
mathematical modeling contribute to assess biomarker kinetics?
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
 The endogenous biomarkers creatinine and N1- 
methylnicotinamide have been proposed as biomarkers to 

support investigations on renal transporter- mediated DDIs. 
Whole- body physiologically- based pharmacokinetic mod-
els have been developed and successfully applied for inter-
action predictions with three established renal transporter 
inhibitors.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 Mechanistic pharmacokinetic modeling has been shown 
to support characterization of endogenous compounds and a 
biomarker- informed strategy for investigations on interactions 
might be a promising approach during drug development.
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Endogenous compounds measured in blood or urine can serve 
as biomarkers, providing information about physiological and 
pharmacological processes. Pathophysiological conditions or in-
teraction of a perpetrator drug with the synthesis, distribution, 
metabolism, or excretion of a biomarker can result in changes of 
plasma, tissue, or urine levels. Measuring biomarkers can com-
plement investigations on drug- drug interactions (DDIs) by 
broadening and augmenting the understanding of underlying in-
teraction mechanisms, thus, estimating DDI risks in early- stage 
in vivo studies and supporting study planning and prioritization.1 
Mathialagan et al.2 pointed out challenges of in vitro- in vivo 
translation for renal transporter- mediated DDIs and emphasized 
the need for a biomarker- informed strategy to improve DDI risk 
predictions from in vitro data. For the renal organic cation se-
cretion axis, represented by consecutive action of organic cation 
transporter (OCT)2 and multidrug and toxin extrusion proteins 
(MATEs),3 two endogenous compounds have been identified as 
potential biomarkers to investigate interactions: creatinine and 
N1- methylnicotinamide (NMN).4 Creatinine, a breakdown prod-
uct of muscle creatine, is mainly excreted passively via glomerular 
filtration, but 10– 40% are actively secreted,5 mainly by OCT2 
and MATEs,6 whereas no metabolism of creatinine has been de-
scribed previously. NMN, a molecule formed during tryptophan 
and vitamin B3 metabolism, is metabolized via aldehyde oxidase 
(AOX)7 and passively renally cleared as well as actively transported 
into urine by OCT2 and MATEs.8,9 NMN renal clearance is 
concentration- dependent comparing intravenous administration 
to endogenously synthesized NMN, attributed to saturable re- 
absorption from urine.10

When identifying and selecting a biomarker for interaction 
studies, various factors need to be considered, such as sensitivity, 
specificity, predictivity, robustness, and ease of accessibility.11,12 
Furthermore, biomarkers need to be well- characterized regard-
ing their kinetics, including their endogenous synthesis, active 
transport, and metabolic transformation. However, detailed in-
formation on these processes is often lacking (e.g., due to the 
complex interplay of transport and metabolism as well as require-
ments for dedicated studies and analytical procedures12,13). Here, 
physiologically- based pharmacokinetic (PBPK) modeling can help 
to support investigations on endogenous compounds and to gain a 
mechanistic understanding of the underlying kinetics.12 Over the 
past years, PBPK modeling has become an increasingly important 
tool during drug development,14 and has shown its strengths and 
advantages (e.g., in accurately describing and predicting (pharma-
co- )kinetics of victims during perpetrator co- administration15 or in 
assessing the influence of genetic polymorphisms16). Furthermore, 
PBPK models have proven their capability for hypothesis testing 
(e.g., regarding causes for altered renal transport of drugs in pa-
tients with chronic kidney disease17). For endogenous biomarkers, 
there are examples of successfully utilizing PBPK models, to assess 
and understand transporter- mediated interactions using copropor-
phyrin I or creatinine.18- 23 However, there is still an apparent lack 
of PBPK models for endogenous compounds to overcome,12 in 
particular for renal OCT2/MATE substrates.

Biomarker PBPK models can support investigations on 
transporter- mediated DDIs. A PBPK model for an investigational 

drug (and potential OCT2 and/or MATE inhibitor) can be linked 
with biomarker PBPK models in early clinical phases during drug 
development, to assess the interaction potential. For instance, in-
hibitory constant (Ki) values from in vitro tests can be implemented 
and model predictions can be compared with biomarker plasma 
and clearance measurements from phase I studies, to complement 
the workflow for utilization of endogenous biomarkers in drug de-
velopment, as proposed by Mathialagan et al.2 This includes assess-
ing the influence of a new drug on biomarker renal clearance before 
performing a metformin DDI study, if in vitro inhibition studies 
hint toward OCT2 and/or MATE inhibition potential.

The objectives of this study were (1) to develop whole- body 
PBPK models of the endogenous biomarkers creatinine and NMN 
that mechanistically describe their absorption, synthesis, meta-
bolic transformation, and active transport also considering causes 
of observed diurnal variation, and (2) to test the ability of the 
newly developed models to adequately describe drug- biomarker 
interactions (DBIs) with the potent OCT2 and MATE inhibitors 
trimethoprim, pyrimethamine, and cimetidine,24 by coupling the 
biomarker models to already evaluated and published perpetrator 
models within a PBPK DDI/DBI modeling network.17,25,26

METHODS
Software
PBPK models of creatinine and NMN were developed using the PK- Sim 
and MoBi modeling software suite (Open Systems Pharmacology Suite 
9.1, www.open- syste ms- pharm acolo gy.org). Plasma and urine measure-
ments from literature were digitized with Engauge Digitizer 10.12 (M. 
Mitchell27) according to best practices.28 Model parameter optimiza-
tion and sensitivity analysis were performed within MoBi. Calculation 
of (pharmaco- )kinetic parameters, quantitative model performance 
analysis, and generation of plots were accomplished using the statisti-
cal programming language R 4.1.1 (The R Foundation for Statistical 
Computing, Vienna, Austria) and RStudio 1.4.1717 (RStudio, Boston, 
MA).

PBPK model building
An extensive literature search was performed to gather physicochemical 
information about creatinine and NMN as well as information about 
important kinetic processes, such as absorption, synthesis, distribu-
tion, metabolism, and excretion (compound- dependent parameters). 
Additionally, studies reporting human blood and urine measurements 
after intravenous and oral administration in single-  and multiple- dose 
regimens were collected alongside concentration measurements of en-
dogenous creatinine and NMN. For creatinine, studies investigating its 
kinetics after ingestion of cooked meat were also included by calculating 
creatinine intake from the amount of ingested meat considering the an-
imal source and method of preparation (e.g., 1.5 mg creatinine per gram 
of boiled beef29). Profiles extracted from clinical studies were digitized 
and subsequently divided into a training dataset for model building and 
a test dataset for model evaluation. Data for model building were selected 
to include plasma and urine measurements after exogenous administra-
tion of different doses and regimens of creatinine or NMN (corrected 
for endogenous levels) as well as endogenous concentrations. Virtual 
twins of (mean) study subjects were created with demographic infor-
mation taken from the respective study reports. Detailed information 
about virtual individuals and system- dependent parameters is provided 
in Supplementary Section  S1.1. Endogenous synthesis of creatinine 
and NMN was implemented in the respective organs in agreement with 
literature reports. Diurnal variation of kidney- related processes has been 
recently observed to affect the pharmacokinetics of the renal transporter 
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substrate metformin (D. Türk et al., unpublished data) and was there-
fore implemented for both creatinine and NMN (Supplementary 
Section S1.1). Creatinine and NMN model parameters which could not 
be based on published values, were optimized by fitting training simula-
tions to their respective observed data. Details on parameter optimiza-
tions are provided in Supplementary Section S1.1.

PBPK model evaluation
Creatinine and NMN model performances were evaluated by com-
parison of predicted to observed plasma concentration- time and urine 
profiles as well as by goodness- of- fit plots. Quantitative model perfor-
mance was evaluated by calculating mean relative deviations of pre-
dicted plasma concentrations and urinary excretion rates (Aeurine rates) 
as well as geometric mean fold errors (GMFEs) of predicted area under 
the concentration- time curve calculated from the time of compound ad-
ministration (or first data sampling point) to the time of the last con-
centration measurement (AUClast) and maximum plasma concentration 
(Cmax) values, amounts excreted unchanged in urine (Aeurine) and renal 
clearances, as described elsewhere.17,25 Local sensitivity analyses were 
performed for the creatinine and NMN models to investigate the impact 
of single parameter changes on predicted AUClast values.

Drug- biomarker interaction modeling
Models of trimethoprim,25 pyrimethamine,26 and cimetidine17 have 
been recently or, in the case of pyrimethamine, during this analysis 
(Supplementary Section S5), successfully applied to predict DDIs with 
the OCT1, OCT2, and MATE substrate metformin using interaction 
parameters from the literature. Hence, these models were considered eli-
gible for interaction predictions with the newly developed creatinine and 
NMN models. Model parameters are reproduced in Tables  S18, S21, 
S28, and S32.

DBI model performances were evaluated by comparison of predicted to 
observed plasma concentration- time or urine profiles before and during, 
or without and with perpetrator drug administration, depending on the 

respective observed dataset. Furthermore, comparison of predicted to ob-
served DBI AUClast, Cmax, and urinary excretion ratios, calculated as ratio 
of the respective DBI kinetic parameter to the respective control kinetic 
parameter, was displayed in goodness- of- fit plots and GMFEs were calcu-
lated as quantitative measures.

RESULTS
Creatinine PBPK model building and evaluation
A total of 26 studies were included to develop a whole- body cre-
atinine PBPK model, covering creatinine kinetics of endogenous 
creatinine as well as kinetics after intravenous and oral adminis-
tration and after dietary meat consumption. All clinical studies 
used for model building and evaluation are listed in Table S2.

The final creatinine PBPK model covers its synthesis in muscle 
cells (individually optimized for each study, range synthesis rate 
(Rsyn) 6.50– 11.88 µmol/min; Table S5) based on endogenously 
synthesized creatinine. Creatinine is mainly excreted passively 
via glomerular filtration, but to a lower extent actively secreted 
by sequential action of OCT2 and MATE1. Tubular secretion 
accounts for about 17% of renal clearance in the model. This is 
in accordance with the literature, which reports a contribution 
of tubular secretion by 10– 40% to renal creatinine clearance 
(CLcr).5 An increase in serum creatinine by meat ingestion has 
been shown by several studies, being most pronounced for cooked 
beef.30 For instance, ingestion of 225 g cooked beef corresponds 
to about 340 mg creatinine29 and leads to a transient increase in 
plasma creatinine by 40%,31 which was reproduced by the model. 
Observed intraday variation of creatinine plasma concentrations 
was described by diurnal renal excretion comprising diurnal 
glomerular filtration rate (GFR), renal blood flow, and OCT2 

Figure 1 Synthesis of endogenous creatinine and whole- body physiologically- based pharmacokinetic (PBPK) model processes. Creatinine is 
formed as breakdown product during reaction of creatine to phosphocreatine and vice versa via creatine kinase (CK). The creatinine PBPK 
model includes creatinine synthesis in muscle cells (implemented as Rsyn, synthesis rate) and renal excretion, passively via glomerular 
filtration (not shown) and actively via consecutive action of organic cation transporter (OCT)2 and multidrug and toxin extrusion protein 
(MATE)1 in tubule epithelial cells. Diurnal rhythm is implemented for glomerular filtration rate (GFR), renal blood flow (both not shown) 
and OCT2 activity (clock symbol). Drawings by Servier, licensed under CC BY 3.0.44 Crea, creatinine; EHC, enterohepatic circulation; excr., 
excretion; GIT, gastrointestinal tract. [Colour figure can be viewed at wileyonlinelibrary.com]
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activity. An overview of the creatinine synthesis, model struc-
ture, and implemented kinetic processes is illustrated in Figure 1. 
Creatinine compound- dependent model parameters are summa-
rized in Table S3.

Representative creatinine plasma concentration- time and Aeurine 
profiles are shown in Figure 2a– c, demonstrating the good perfor-
mance of the creatinine model. Profiles of all studies are provided 
in Supplementary Section S2.2. Comparison of predicted to ob-
served creatinine plasma concentration, Aeurine, CLcr, AUClast, and 
Cmax values in goodness- of- fit plots further underlines the good 
performance of the creatinine model with all predictions within 
twofold of observed values (Figure 2d– f). A local sensitivity anal-
ysis revealed that simulations of creatinine are sensitive to the frac-
tion unbound in plasma (literature value), GFR (calculated), and 
creatinine Rsyn (optimized).

NMN PBPK model building and evaluation
A total of 11 studies was used to develop a whole- body NMN 
PBPK model, covering NMN kinetics after intravenous adminis-
tration and endogenous NMN. All clinical studies used for model 
building and evaluation are listed in Table S10.

The final NMN PBPK model covers synthesis in liver cells (in-
dividually optimized for each study; Table S13), metabolism via 
AOX1 as well as glomerular filtration and active transport into 
urine by OCT2 and MATE1. Furthermore, a saturable tubular 
re- absorption process has been implemented as efflux transport 
at the basolateral site of tubule cells, whereas Michaelis- Menten 
and transport rate constants were inferred from high (intrave-
nous administration) and low (baseline) NMN plasma levels and 
the corresponding urinary excretion rates. For an intravenous 
administration of 224  mg NMN, the model predicts a metab-
olized fraction of about 40% compared with 33% reported in 
literature.32 Regarding endogenously synthesized NMN, renal 
clearance accounts for 18– 36% of total clearance (depending 
on the daytime), which is in accordance with the observed data, 
where 35% of NMN and its carboxamide metabolites in urine are 
unchanged NMN.7 Observed intraday variation of NMN plasma 
concentrations was described by a combination of diurnal NMN 
synthesis and renal excretion comprising diurnal GFR, renal blood 
flow, and OCT2 activity, using a modified equation33 for NMN 
Rsyn (Supplementary Section  S1.1). An overview of the NMN 
synthesis, model structure, and implemented kinetic processes is 

Figure 2 Creatinine physiologically- based pharmacokinetic (PBPK) model performance. Predictions of creatinine (a– c) plasma concentration- time 
(blue) and cumulative amount excreted unchanged in urine (Aeurine, green) profiles compared with observed data of representative studies31,45,46 
of exogenous creatinine application a initial oral dose of 8 g creatinine followed by 0.5 g every hour; b ingestion of 225 g cooked beef, or c 
endogenous measurements. Time refers to the time after dose (exogenous) or time after first concentration measurement (endogenous). 
Goodness- of- fit plots showing predicted compared with observed creatinine (d) plasma concentration, (e) Aeurine, and renal creatinine clearance 
(CLcr) and (f) area under the concentration- time curve (AUClast) and maximum plasma concentration (Cmax) values of all studies used for model 
building and evaluation. The solid line marks the line of identity and dotted lines indicate 1.25- fold and dashed lines indicate 2- fold deviation. 
Data are shown as blue triangles (plasma), green squares (Aeurine), and purple diamonds (CLcr); filled symbols indicate creatinine administration, 
empty symbols indicate endogenous creatinine. Details on the clinical studies and individual values alongside mean relative deviations (MRDs) 
and geometric mean fold errors (GMFEs) are provided in Supplementary Section S2. Crea, creatinine; endo, endogenous; iv, intravenous; n, 
number of individuals studied; obs., observed; pred., predicted. [Colour figure can be viewed at wileyonlinelibrary.com]
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illustrated in Figure  3. NMN compound- dependent model pa-
rameters are summarized in Table S11.

Representative NMN plasma concentration- time, Aeurine rate 
and Aeurine profiles are shown in Figure  4a– c, demonstrating 
the good performance of the NMN model. Profiles of all studies 
are provided in Supplementary Section  S3.2. Comparison of 
predicted to observed NMN plasma concentration, Aeurine rate 
and Aeurine and AUClast and Cmax values in goodness- of- fit plots 
further underlines the good performance of the NMN model 
with about 90% of predictions within twofold of observed 
values (Figure  4d– f). A local sensitivity analysis revealed that 
both simulations of intravenously administered and endogenous 
NMN are sensitive to the fraction unbound in plasma (litera-
ture value) and simulations of endogenous NMN are sensitive to 
OCT2 activity (optimized), AOX1 clearance (optimized), and 
organ permeability (calculated).

Drug- biomarker interaction modeling
A renal transporter DBI network was established (Figure  5) by 
linking the biomarker models with models of trimethoprim, py-
rimethamine, and cimetidine. Specifically, OCT2 competitive 
inhibition was modeled with literature Ki values of 47.8 µmol/L, 
0.61  µmol/L, and 124  µmol/L, and MATE1 competitive in-
hibition was modeled with literature Ki values of 4.45  µmol/L, 
0.02  µmol/L, and 3.80  µmol/L for trimethoprim, pyrimeth-
amine, and cimetidine, respectively (Tables S18, S21, S32). For 
all perpetrators, the same inhibition constants were used as for 
previous interaction predictions with metformin.

To evaluate the drug- creatinine interactions, eight, three and 
two studies with trimethoprim, pyrimethamine, and cimetidine, 
respectively, have been utilized and are listed in Tables S34, S37, 
and S40. During administration of trimethoprim, pyrimethamine, 
and cimetidine, an increase in serum creatinine and a decrease of 
creatinine Aeurine and CLcr has been observed. This kinetic inter-
action can be attributed to inhibition of tubular secretion of cre-
atinine. Observed plasma concentration- time and urine profiles 
are well- described, indicating a good drug- creatinine interaction 
model performance. Representative predicted creatinine profiles 
before and during trimethoprim or cimetidine and without and 
with pyrimethamine compared with observed data are shown 
in Figure  6. Plots of all profiles are provided in Supplementary 
Section S7.

Predicted DBI AUClast, Cmax, Aeurine, and CLcr ratios are all 
within twofold of observed ratios and within prediction limits 
proposed by Guest et al.34 (Figure  6). Corresponding values for 
all clinical studies are provided in Tables S35, S36, S38, S39, and 
S41, including calculated overall GMFEs.

To model the drug- NMN interactions, one trimethoprim and 
two pyrimethamine studies were incorporated and are listed in 
Tables  S42 and S46. During administration of trimethoprim 
and pyrimethamine, a decrease of NMN Aeurine has been ob-
served, resulting from inhibition of NMN transport by OCT2 
and MATE1, which the model was able to (partially) reproduce. 
Conversely, NMN plasma concentration time profiles during tri-
methoprim and pyrimethamine interaction result in lower mean 
NMN concentrations compared with control profiles8,9,35 and 

Figure 3 Synthesis of endogenous N1- methylnicotinamide (NMN) and whole- body physiologically- based pharmacokinetic (PBPK) model 
processes. NMN is synthesized from nutrients via various intermediates. The direct precursor nicotinamide is converted to NMN via 
nicotinamide N- methyltransferase (NNMT), which is mainly expressed in liver cells.47 The NMN PBPK model covers NMN synthesis in the liver 
(implemented as Rsyn, synthesis rate) and metabolism by aldehyde oxidase (AOX)1, where resulting carboxamide metabolites are not included 
in the model (“sink” process). NMN is passively excreted in urine via glomerular filtration (not shown), actively secreted via organic cation 
transporter (OCT)2 and multidrug and toxin extrusion protein (MATE)1 and re- absorbed from urine via a saturable process (“N.N.”), implemented 
at the basolateral site of tubule cells. Diurnal rhythm is implemented for glomerular filtration rate (GFR), renal blood flow (both not shown), 
OCT2 activity, and NMN Rsyn (clock symbols). Drawings by Servier, licensed under CC BY 3.0.44 EHC, enterohepatic circulation; excr., excretion; 
GIT, gastrointestinal tract; metab., metabolism, NAD, nicotinamide adenine dinucleotide. [Colour figure can be viewed at wileyonlinelibrary.com]
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also an apparently decreased diurnal variation. The mechanisms 
underlying these observations have not been described. Thus, it 
was hypothesized that trimethoprim and pyrimethamine inhibit 
nicotinamide N- methyltransferase (NNMT), and, hence, NMN 
synthesis. Consequently, an additional inhibition process of NMN 
Rsyn was implemented (equation provided in Supplementary 
Section  S1.3). After applying this hypothetical NNMT in-
hibition using optimized values for the inhibitory constant of 
NMN synthesis (Ki,syn), with Ki,syn = 32.61  µmol/L and Ki,syn = 
1.39 µmol/L for trimethoprim and pyrimethamine, respectively, in 
addition to inhibition of OCT2 and MATE1, urine and plasma- 
concentration- time profiles were well described, indicating a good 
drug- NMN interaction model performance. Representative pre-
dicted NMN profiles without and with inhibitor compared with 
observed data are shown in Figure 7. Plots of profiles are provided 
in Supplementary Section S8.

Predicted DBI AUClast, Cmax, and Aeurine ratios are all within 
twofold of observed ratios and within prediction limits proposed 
by Guest et al.34 (Figure 7). Corresponding values for all clinical 
studies are provided in Tables S43, S44, S45, S47, S48, and S49, 
including calculated overall GMFEs.

DISCUSSION
Whole- body PBPK models of the endogenous OCT2 and 
MATE1 substrates creatinine and NMN were built and thor-
oughly evaluated, accurately simulating and predicting plasma 
as well as urine profiles of both compounds. Two important sce-
narios were evaluated: (1) simulation and prediction of endoge-
nous baseline creatinine and NMN as well as (2) creatinine and 
NMN kinetics after exogenous intake and administration. For 
this, PBPK models implemented relevant metabolism and trans-
port processes and covered the influence of diurnal rhythm on 
significant physiological processes. These models have been suc-
cessfully applied to simulate and predict the fate of creatinine 
and NMN during administration of trimethoprim, pyrimeth-
amine, and cimetidine, focusing on renal transporter inhibition.

Since creatinine concentrations are not only affected by (co- )ad-
ministered drugs, but also by important covariates, such as sex, age, 
body and muscle mass, diet, and disease state,36 a holistic pharma-
cokinetic modeling approach is required to incorporate these fac-
tors. In lieu of previously published creatinine PBPK models that 
only focused on a specific topic (e.g., prediction of creatinine trans-
porter interactions20- 23 or creatinine in chronic kidney disease37), the 

Figure 4 N1- methylnicotinamide (NMN) physiologically- based pharmacokinetic (PBPK) model performance. Predictions of NMN (a– c) plasma 
concentration- time (blue), urinary excretion rate (Aeurine rate, orange), and cumulative amount excreted unchanged in urine (Aeurine, green) 
profiles compared with observed data of representative studies7,9,10 of a intravenous NMN administration of 8.3 mg loading dose followed 
by a 30.9 mg 3- hour infusion or b and c endogenous measurements. Time refers to the time after dose (exogenous) or time after first 
concentration measurement (endogenous). Goodness- of- fit plots showing predicted compared with observed NMN (d) plasma concentration, 
(e) Aeurine and Aeurine rate, and (f) area under the concentration- time curve (AUClast) and maximum plasma concentration (Cmax) values of all 
studies used for model building and evaluation. The solid line marks the line of identity and dotted lines indicate 1.25- fold and dashed lines 
indicate 2- fold deviation. Data are shown as blue triangles (plasma), orange dots (Aeurine rate), and green squares (Aeurine); filled symbols 
indicate NMN administration, and empty symbols indicate endogenous NMN. Details on the clinical studies and individual values alongside 
mean relative deviations (MRDs) and geometric mean fold errors (GMFEs) are provided in Supplementary Section S3. Endo, endogenous; iv, 
intravenous; n, number of individuals studied; obs., observed; pred. predicted. [Colour figure can be viewed at wileyonlinelibrary.com]
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presented whole- body PBPK model is the first to mechanistically 
describe creatinine synthesis in muscle cells with respect to varying 
muscle mass while incorporating diurnal renal elimination as well as 
renal transporter- mediated DBIs. Optimized values for creatinine 
synthesis in muscle cells exhibit a large intra-  and interstudy variabil-
ity, which is plausible due to the influence of the aforementioned co-
variates. Moreover, the effect of a creatinine- rich diet on plasma levels 
and urinary excretion is covered by the model, allowing simulation of 
creatinine kinetics after ingestion of differently prepared meat meals. 
Creatinine intake was implemented as an oral solution by calculating 
the ingested amount from the meal- specific creatinine content in-
formed by the literature.29 For this, creatinine must be absorbed from 
the gastrointestinal tract. Due to its hydrophilic properties, creatinine 
has been discussed as organic cation and anion transporter substrate,6 
which might also be relevant for the intestinal barrier. A significant 
increase in intestinal permeability has been observed after fitting sim-
ulations regarding oral creatinine intake in comparison to quantitative 
structure- activity relationship estimated permeability and might hint 
toward additional unspecified transport processes in the gut. At the 
renal barrier, organic anion transporter (OAT)2, OCT2, MATE1, 
and MATE2- K have been shown to transport creatinine in vitro6 with 
OAT2 also discussed to be involved in creatinine re- absorption.38 
However, only tubular secretion via OCT2 and MATE1 has been 

implemented in the model, as they show the most pronounced creat-
inine uptake in vitro.6 Furthermore, a distinction between two trans-
porters at the same membrane (i.e., OAT2 and OCT2), is challenging 
without knowledge of the amount transported and MATE2- K ex-
pression is controversial, as in a recent study, MATE2- K was below 
the lower limit of quantification in human kidneys.39

For the transporter substrate metformin, which is exclusively re-
nally excreted, about 75% of clearance can be attributed to active se-
cretion,2 and diurnal variation of GFR, renal blood flow, and OCT2 
activity have been observed to affect metformin pharmacokinetics 
(D. Türk et al., unpublished data). As the same renal excretion axis 
is also relevant for creatinine, insights from metformin were trans-
ferred to the biomarker model. For creatinine, diurnal variation ob-
served in plasma can be fully explained by varying GFR and renal 
blood flow, whereas only a neglectable amount can be attributed to 
varying OCT2 activity. This is in accordance with literature, as a 
much smaller extent of creatinine is actively secreted compared with 
metformin.2 Fluctuation in creatinine synthesis attributed to vary-
ing activity of creatine kinase (e.g., due to physical activity40) might 
contribute to observed intraday variation in plasma concentrations 
and modeled diurnal synthesis showed expected plasma level pat-
tern. However, varying GFR and renal blood flow already lead to an 
adequate description of observed data with parametrization derived 

Figure 5 Renal transporter drug- biomarker interaction network. Creatinine and N1- methylnicotinamide (NMN) are actively secreted into urine by 
sequential action of organic cation transporter (OCT)2, an influx transporter located at the basolateral membrane of proximal tubule epithelial 
cells, and multidrug and toxin extrusion protein (MATE)1, an efflux transporter located at the apical site of the same cells. Trimethoprim, 
pyrimethamine, and cimetidine are competitive inhibitors of OCT2 and MATE1, resulting in decreased renal excretion of creatinine and NMN. 
Gray arrows represent active transport, and red lines indicate transporter inhibition. Drawings by Servier, licensed under CC BY 3.0.44 [Colour 
figure can be viewed at wileyonlinelibrary.com]
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from previously reported values. Therefore, diurnal synthesis has 
not been implemented in the final model.

The implementation of only two renal transporters for tubular 
secretion might limit the creatinine model regarding physiological 

precision, which could be overcome by further research in this 
area, especially regarding transporters involved in re- absorption. 
Moreover, the number of well- controlled creatinine studies, espe-
cially with nonaggregated data, is limited and many older studies, 

Figure 6 Drug- creatinine interaction model performance. Predictions of creatinine plasma concentration- time (blue), renal creatinine 
clearance (CLcr, purple), and cumulative amount excreted unchanged in urine (Aeurine, green) profiles of the (a, b) trimethoprim– creatinine, 
(d, e) pyrimethamine- creatinine, and (g, h) cimetidine- creatinine interactions, compared with observed data.35,48,49 Predictions are shown 
as lines. Predicted compared with observed DBI area under the concentration- time curve (AUClast), maximum plasma concentration (Cmax), 
Aeurine, and CLcr ratios of all clinical studies used are shown to evaluate the performance of the (c) trimethoprim- creatinine, (f) pyrimethamine- 
creatinine, and (i) cimetidine- creatinine interaction models. The straight solid line marks the line of identity and the curved solid lines show 
the DBI prediction acceptance limits proposed by Guest et al.34 Dotted lines indicate 1.25- fold and dashed lines indicate 2- fold deviation. 
Data are shown as blue triangles (DBI AUClast and Cmax ratios), green squares (DBI Aeurine ratios) or purple diamonds (DBI CLcr ratios). Details 
on the study protocols, model simulations and individual DBI AUClast, Cmax, Aeurine, and CLcr ratios of all clinical studies used to evaluate the 
DBI performance of the creatinine model are provided in Supplementary Section S7. DBI, drug- biomarker interaction; endo, endogenous; n, 
number of individuals studied. [Colour figure can be viewed at wileyonlinelibrary.com]
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used in model development and evaluation, measured creatinine 
by varying analytical methods which might contribute to inter-
study variability of creatinine levels that are already prone to large 
inter-  and intraindividual differences, including diurnal variation. 
Nevertheless, the final model met the required model performance 
evaluation criteria, typically applied to drug models17,25 and all pre-
dicted plasma and urine concentrations deviated less than twofold 
from the observed data.

The NMN PBPK model presented in this work is the first kinetic 
model of this biomarker, mechanistically describing its synthesis, 
biotransformation, tubular secretion, and re- absorption. Because no 
NMN Rsyn has been reported yet, an approximate value for NMN 
Rsyn has been calculated from measurements of NMN and its car-
boxamide metabolites in urine,7 assuming no further metabolization. 
This revealed an NMN Rsyn of about 77 µmol per day, which is much 
lower than the creatinine synthesis of about 18 mmol per day.41

NMN is metabolized by AOX1 and urinary excretion rates of 
NMN and its metabolites in urine were also utilized to assess the 
fraction of endogenous NMN metabolized, revealing that about 

65% of NMN undergo further biotransformation.7 Regarding 
renal excretion, a saturable tubular re- absorption process has 
been described in addition to tubular secretion via OCT2 and 
MATEs, as the ratio of renal NMN clearance and creatinine 
clearance is concentration dependent.10 A transport process has 
been implemented at the basolateral site of tubule epithelial cells, 
informing Michaelis- Menten and transport rate constant values 
by simultaneously fitting observed plasma and urine data to sim-
ulations of endogenous NMN and after intravenous administra-
tion, leading to an accurate description of NMN levels. However, 
involved transporters, their location in the kidneys, the mecha-
nism of transportation, and real NMN concentrations in kidney 
cells remain unknown. Moreover, sequential actions of two trans-
porters are also plausible, which requires further investigations.

In contrast to modeling metformin (D. Türk et al., unpublished 
data) and creatinine, the pronounced diurnal variation in observed 
NMN plasma concentrations could not be sufficiently described 
by solely implementing a diurnal rhythm of GFR, renal blood flow, 
and OCT2, as each of these accounted for only 0%, 1%, and 9% of 

Figure 7 Drug- N1- methylnicotinamide (NMN) interaction model performance. Predictions of NMN plasma concentration- time (blue) and 
cumulative amount excreted unchanged in urine (Aeurine, green) profiles of the (a, b) trimethoprim- NMN and (d, e) pyrimethamine- NMN 
interactions, compared with observed data.8,9 Predictions are shown as lines. Predicted compared with observed DBI area under the 
concentration- time curve (AUClast), maximum plasma concentration (Cmax), and Aeurine ratios of all clinical studies used are shown to evaluate 
the performance of the (c) trimethoprim- NMN and (f) pyrimethamine- NMN interaction models. The straight solid line marks the line of identity 
and the curved solid lines show the DBI prediction acceptance limits proposed by Guest et al.34 Dotted lines indicate 1.25- fold and dashed 
lines indicate 2- fold deviation. Data are shown as blue triangles (DBI AUClast and Cmax ratios) or green squares (DBI Aeurine ratios). Details 
on the study protocols, model simulations and individual DBI AUClast, Cmax, and Aeurine ratios of all clinical studies used to evaluate the DBI 
performance of the NMN model are provided in Supplementary Section S8. DBI, drug- biomarker interaction; endo, endogenous; n, number of 
individuals studied. [Colour figure can be viewed at wileyonlinelibrary.com]
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the observed amplitude, respectively. This variation could be ex-
plained, however, by the large influence of varying synthesis due to 
nicotinamide adenine dinucleotide utilization and, hence, affected 
nicotinamide levels.7 Therefore, a mixed effect of diurnal synthesis 
and elimination was assumed to model NMN in plasma and urine. 
For this, the model implements an additional intermittent syn-
thesis process with study- specific optimized values for amplitude 
and acrophase to address the observed large interstudy variability 
(Table S13). These differences might be attributed to expected in-
tersubject variability in activity levels before the first NMN mea-
surement that are correlated to NAD utilization. Additionally, a 
diurnal pattern of AOX4 activity has been observed in Harderian 
glands of mice,42 but was not considered in the model, as data in 
humans are lacking and effect separation (e.g., from diurnal elimi-
nation) is not possible analyzing the available clinical data on urine 
measurements of NMN carboxamide metabolites.

Due to lack of information and data, some assumptions have 
been made during the development of the NMN model. This in-
cluded uninformed priors regarding the extent of synthesis and 
involved transporters at the renal barrier as well as the diurnal 
processes to cover highly variable intraday NMN plasma levels. 
Moreover, the large observed interindividual differences in NMN 
plasma levels have been modeled by implementing a varying ex-
tent of NMN synthesis. However, only a limited number of stud-
ies could be included during model development, because many 
studies reported only very sparse NMN plasma data without 
specification of clock time. Furthermore, only studies on healthy 
subjects could be included, as increased expression of NNMT has 
been described (e.g., in patients with cancer, metabolic, and car-
diovascular diseases43), where NMN levels should be interpreted 
with great caution. Despite these challenges, the PBPK model met 
the performance evaluation criteria with about 90% of predicted 
plasma and urine concentrations within twofold of observed data.

Sensitivity analyses of both biomarkers reveal highest sensitiv-
ity to the fraction unbound in plasma, where a literature value of 
100% was used in both models. Furthermore, the analyses highlight 
the most important model processes, showing that transporter- 
mediated tubular secretion plays a minor role for creatinine phar-
macokinetics compared with NMN.

This work was complemented by the development and eval-
uation of a DDI/DBI network involving three perpetrators of 
OCT2 and MATE1, trimethoprim, pyrimethamine, and cimeti-
dine, all previously evaluated for DDI predictions with metformin, 
and extended by models of the endogenous substrates, creatinine 
and NMN. According to the magnitude of Ki values and simulated 
(unbound) plasma and kidney concentrations, the main contrib-
utor to DDIs/DBIs is MATE inhibition. Whereas interactions 
lead to an expected decrease in renal clearance and increase in 
plasma levels of creatinine, similar interaction scenarios lead to a 
decrease in NMN renal clearance with simultaneously paradox de-
crease in plasma levels. Previously, this effect has been attributed 
to a possible inhibition of NMN synthesis by trimethoprim and 
pyrimethamine with unclear underlying mechanisms.1 Hence, 
recent recommendations suggest focusing on NMN renal clear-
ance instead of plasma concentrations during renal transporter 
perpetrator drug administration.1,8,11 To apply PBPK models for 

transporter- mediated interaction predictions, a close interdisci-
plinary collaboration between pharmacometricians and laboratory 
scientists should be enforced, to obtain reliable Ki values.

Because PBPK modeling is helpful for hypothesis generation 
and testing, inhibition of NMN synthesis by trimethoprim and 
pyrimethamine was implemented, leading to a satisfactory de-
scription of observed data by including Ki values at the same scale 
as OCT2 inhibition. Underlying effects, such as direct inhibi-
tion of NNMT, indirect NNMT inhibition due to reduction 
of the methyl donor S- adenosylmethionine by interference with 
human folate metabolism (trimethoprim and pyrimethamine are 
both inhibitors of bacterial folate metabolism), or direct interac-
tion with the methionine cycle might be plausible. To verify or 
reject these hypotheses, additional in vitro inhibition assays and, 
especially, in vivo metabolomic investigations are necessary.

The previously mentioned covariates, such as muscle mass and 
disease state, might compromise the suitability of creatinine as a 
biomarker to assess transporter- mediated DDIs. However, the new 
creatinine PBPK model can compensate for these shortcomings. 
Standardized measurements of this low- cost and easily detectable 
marker supported by model- based analyses in early drug develop-
ment will allow to gain insights into possible transporter- mediated 
interactions. NMN has been previously proposed to be a more 
suitable biomarker, due to the higher proportion of active secretion 
compared with creatinine (70% vs. 10– 40%2,5) and good correla-
tion of NMN and metformin renal clearances,35 also applying to 
the trimethoprim- induced reduction of renal clearances.9 The 
newly developed NMN PBPK model can support NMN mea-
surements in context of a biomarker- informed strategy during drug 
development, as changes in NMN urine as well as plasma during in-
teractions can be assessed and further strengthens the validity of the 
whole interaction network of three perpetrators and three victims.

In summary, whole- body PBPK models of the currently proposed 
biomarkers for OCT2 and MATE1 activity, creatinine, and NMN, 
have been developed that support the vision of a biomarker- informed 
strategy to improve DDI investigations during drug development. 
Here, all perpetrator and victim models were thoroughly studied and 
validated in a comprehensive interaction network. During develop-
ment and evaluation stages, knowledge gaps could be identified as 
starting point for future research. The comprehensive models can 
be further extended (e.g., to include predictions in renally impaired 
individuals) and will be shared with the research and drug develop-
ment community (www.open- syste ms- pharm acolo gy.org), to assist 
in future OCT2 and MATE interaction studies. Next to depicting a 
complement to a proposed biomarker- informed workflow,2 a further 
biomarker model application might be the estimation of in vivo Ki 
values from phase I biomarker measurements without prior knowl-
edge of interaction potential from in vitro tests.
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