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Abstract
Renal clearance of many drugs is mediated by renal organic anion transporters 
OAT1/3 and inhibition of these transporters may lead to drug- drug interactions 
(DDIs). Pyridoxic acid (PDA) and homovanillic acid (HVA) were indicated as po-
tential biomarkers of OAT1/3. The objective of this study was to develop a popula-
tion pharmacokinetic model for PDA and HVA to support biomarker qualification. 
Simultaneous fitting of biomarker plasma and urine data in the presence and absence 
of potent OAT1/3 inhibitor (probenecid, 500 mg every 6 h) was performed. The im-
pact of study design (multiple vs. single dose of OAT1/3 inhibitor) and ability to 
detect interactions in the presence of weak/moderate OAT1/3 inhibitors was inves-
tigated, together with corresponding power calculations. The population models de-
veloped successfully described biomarker baseline and PDA/HVA OAT1/3- mediated 
interaction data. No prominent effect of circadian rhythm on PDA and HVA indi-
vidual baseline levels was evident. Renal elimination contributed greater than 80% 
to total clearance of both endogenous biomarkers investigated. Estimated probene-
cid unbound in vivo OAT inhibitory constant was up to 6.4- fold lower than in vitro 
values obtained with PDA as a probe. The PDA model was successfully verified 
against independent literature reported datasets. No significant difference in power 
of DDI detection was found between multiple and single dose study design when 
using the same total daily dose of 2000 mg probenecid. Model- based simulations and 
power calculations confirmed sensitivity and robustness of plasma PDA data to iden-
tify weak, moderate, and strong OAT1/3 inhibitors in an adequately powered clinical 
study to support optimal design of prospective clinical OAT1/3 interaction studies.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Pyridoxic acid (PDA) and homovanillic acid (HVA) have been identified as potential 
biomarkers for assessing OAT1/3- mediated drug- drug interactions (DDIs), based on 
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INTRODUCTION

Uptake via organic anion transporters 1 and 3 (OAT1 and 
OAT3) expressed on the basolateral side1,2 of the renal proxi-
mal tubule is considered to be a rate limiting step for renal 
disposition of many drugs (e.g., adefovir [OAT1],3,4 ben-
zylpenicillin [OAT3],5 and furosemide [OAT1 and OAT36]). 
Inhibition of these transporters leads to drug- drug interactions 
(DDIs) and reduced renal clearance.4,7 Transporter- mediated 
DDI risks are evaluated using in vitro- in vivo extrapolation 
methods based on in vitro inhibition data, an approach sup-
ported by the regulatory authorities.8 Although these meth-
ods are well- established for prediction of metabolic DDIs,9 
there are challenges associated with prediction of transporter- 
mediated DDIs.10- 13 Alternatively, over the past few years, 
interest has been to identify, characterize, and validate en-
dogenous biomarkers as selective substrates of transporters 
in early phase clinical studies.3,7,14- 18 Such biomarkers could 
serve as early indicators of potential transporter- mediated 
DDIs and inform the need for subsequent studies with clini-
cal transporter probes. A number of factors, such as selec-
tivity, sensitivity, and kinetic determinant of exposure, need 
to be verified before using these endogenous compounds as 
biomarkers of transporter function in vivo.14

Modeling and simulation has increasingly been used as 
a tool to gain mechanistic insight into disposition of trans-
porter biomarkers.3,14,19- 24 These techniques are helpful in 
understanding the formation, disposition, and elimination 
process of endogenous biomarkers to facilitate their qual-
ification and inform optimal design of subsequent interac-
tion studies. Most of the work so far has been reported for 
endogenous biomarkers of hepatic transporters (organic 
anion polypeptides OATP1B1 and OATP1B3), specifically 
coproporphyrin I (CPI).3,19,20,22,24 In contrast, a very limited 

number of studies in the literature have investigated endog-
enous biomarkers of renal transporters, specifically OAT1/3 
transporters.25- 28 Shen et al.27 identified two organic anionic 
compounds, pyridoxic acid (PDA) and homovanillic acid 
(HVA), as promising biomarkers of OAT1/3 in cynomolgus 
monkeys and these were later evaluated in humans.28 The 
authors reported that both PDA and HVA plasma concentra-
tions in humans were sensitive to the effect of potent OAT1/3 
inhibitor probenecid administered as a single dose (SD) of 
1000 mg, and could be used for evaluation of OAT1/3 inhi-
bition in early drug development. More recently, Willemin 
et al. (accepted for publication) investigated four endogenous 
compounds (PDA, HVA, taurine, and glycochenodeoxycho-
late sulfate [GCDCA- S]) as potential biomarkers of OAT1/3 
activity in humans. In contrast to Shen et al.,28 reported that 
probenecid was administered as multiple doses (MDs) of 
500 mg 4 times in a day. Willemin et al. (accepted for pub-
lication) reported that PDA and HVA were the most sensi-
tive biomarkers based on a significant increase in their area 
under the plasma concentration- time curve from 0 to 24 h 
(AUC0- 24  h) observed following probenecid administration 
(fold change of 3.9 [PDA], 2.2 [HVA], 1.1 [taurine], and 1.9 
[GCDCA- S]). However, both PDA and HVA were indicated 
to be less selective than GCDCA- S considering their over-
lapping substrate specificity for OAT1 and OAT3. Between 
subject variation in plasma concentrations both at baseline 
(without probenecid) and in the interaction phase (with pro-
benecid) was lower in case of PDA and HVA compared with 
the other two endogenous compounds. Based on these find-
ings, PDA and HVA have been selected for further evaluation 
as biomarkers of OAT1/3 activity in this study. Individual 
plasma and urine PDA and HVA data, together with probe-
necid plasma concentration data used in the modeling work, 
were from the study by Willemin et al. (in submission).

sensitivity of their plasma concentrations following administration of potent OAT1/3 
inhibitor probenecid.
WHAT QUESTION DID THIS STUDY ADDRESS?
A population pharmacokinetic model was developed to support qualification of PDA 
and HVA as endogenous biomarkers of OAT1/3. Comparison of different study de-
signs was conducted to inform optimal design of prospective interaction studies.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This is the first study to estimate the synthesis and elimination of endogenous OAT1/3 
biomarkers PDA and HVA using a modeling approach. Power calculations were per-
formed for weak to moderate OAT1/3 inhibitors to guide optimal clinical DDI study 
design.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/
OR THERAPEUTICS?
Modeling and simulation results obtained in this analysis support the utility of PDA as 
a selective endogenous biomarker for investigating weak to strong OAT1/3- mediated 
DDIs.
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For verification of the utility of PDA and HVA as endoge-
nous biomarkers of OAT1/3- mediated DDIs, this study aimed 
to: (1) characterize the synthesis and elimination of these bio-
markers in humans using population pharmacokinetic (PK) 
modeling of reported plasma and urine data both in the pres-
ence and absence of potent OAT1/3 inhibitor probenecid; (2) 
use clinical data to estimate in vivo OAT1/3 inhibitory con-
stant (Ki) values of probenecid based on PDA and HVA as 
probes; (3) compare estimated probenecid in vivo Ki values 
with those obtained in vitro; (4) perform simulations to de-
termine sensitivity of these endogenous biomarkers to iden-
tify DDI risk with moderate and weak OAT1/3 inhibitors; 
and (5) perform power calculations for a range of inhibitors 
administered either as SD or MDs to inform optimal design 
of prospective clinical studies with PDA and HVA as plasma 
OAT1/3 endogenous biomarkers.

METHODS

Clinical data

Individual plasma and urine data of PDA and HVA from 
six healthy subjects were obtained from the study reported 
in Willemin et al. (in submission). Details of the clinical 
study is provided in Supplementary Material. In short, this 
was a 2 phase, cross- over study with a 21 day washout pe-
riod between the 2 phases. A single dose of Janssen com-
pound was administered to the healthy volunteers in phase 
I. In phase II, 2 doses of 500 mg probenecid with 5 h apart 
were given first on day 21 (relative to the phase I dosing) 
before MDs of 500 mg every 6 h for 7 days starting from 
day 22. In phase II, a single dose of Janssen compound was 
co- administered on day 22. Plasma and urine sampling was 
performed at predefined timepoints over the 168 h period 
following administration of Janssen compound in both 
phases. The total number of plasma samples were 36, and 
132 (66 on each occasion) for probenecid, and PDA/HVA, 
respectively, whereas the total number of urine samples was 
108 (54 for each phase) for PDA/HVA. Plasma concentra-
tions of PDA/HVA in the presence/absence of probenecid 
were used to calculate the AUC0- tlast, where tlast is 168 h, 
using linear trapezoidal built- in function in R Software.29 
Total fraction eliminated by renal transporters (fT) was cal-
culated for PDA and HVA using Equation 1, as defined 
previously.3

where AUC0- tlast (control) and AUC0- tlast (interaction) represent 
biomarker AUC0- tlast in the control phase and in the presence of 
probenecid, respectively.

Structural and statistic models

Nonlinear mixed- effects modeling software (NONMEM) 
with first order conditional estimation with interaction 
(FOCE- I) method was used for modeling purposes.30 Model 
performance evaluation, graphical, and statistical analyses 
were conducted in R.29 An exponential model was used to 
describe the random effect parameters (interindividual varia-
bility [IIV], interoccasion variability [IOV]) with an assump-
tion that these are normally distributed with mean value zero 
and the variance estimated during model fitting. Combined 
proportional and additive residual error model was used 
for the residuals. First, a population PK model was devel-
oped for probenecid plasma data (Supplementary Material). 
Individually estimated probenecid parameters were then 
fixed to the empirical Bayes estimates during PDA mode-
ling in the second stage. Simultaneous fitting was performed 
for PDA plasma and urine data in the presence and absence 
of probenecid. A similar procedure was followed for HVA 
plasma and urine data.

PDA population PK model

Model structure describing the PDA plasma concentration 
was adopted from Barnett et al.3 (Figure 1). It is a turnover 
model that includes synthesis rate (ksyn) of PDA and its elimi-
nation by both renal and nonrenal routes. Inhibitory effect 
of probenecid on active secretory clearance via OAT1/3 was 
incorporated in the model as an effect on total renal clear-
ance (CLr), assuming no effect of probenecid on glomerular 
filtration. In addition, probenecid was assumed to have no 
effect on ksyn and nonrenal clearance (CLnr) of biomarkers. 
Probenecid showed negligible inhibition of MRP4 (11%) in 

(1)fT = 1 −
AUC (control)

AUC (interaction)

F I G U R E  1  Schematic diagram of population pharmacokinetic 
(PK) models for probenecid (PBD) and pyridoxic acid (PDA) 
including interaction between PBD and PDA. A, amount; C, plasma 
concentration; CLnr, PDA nonrenal clearance; CLr, PDA renal 
clearance; ka, absorption rate constant; Ki, probenecid OAT1/3 
inhibitory constant; ksyn, PDA synthesis rate; U, urine; , observed 
compartment)
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vitro (Willemin et al. accepted for publication) and therefore 
the observed effect on PDA CLr was attributed to OAT1/3 
inhibition. Equations 2 and 3 describe concentration in 
plasma (CPDA) and amount in urine (UPDA) compartments, 
respectively.

where CPDA is PDA plasma concentration, UPDA is PDA 
amount in urine, t is time, ksyn is the zero- order PDA synthesis 
rate, Ki is probenecid OAT1/3 inhibition constant using PDA 
data as a transporter probe, VPDA is the volume of distribution 
of PDA, and Cprobenecid is probenecid plasma concentration 
(Supplementary Material). Formal structural identifiability of 
the model was performed in DAISY31 using PDA plasma and 
urine data in the presence and absence of probenecid. A similar 
procedure was done in the case of HVA.

Comparison of probenecid OAT Ki with 
in vitro inhibition data

The estimated probenecid in vivo OAT Ki value with PDA 
as substrate was compared with probenecid in vitro half 
maximal inhibitory concentration (IC50) value for OAT1 and 
OAT3 obtained with PDA as substrate in the study (details of 
in vitro studies are in Supplementary Material). In addition, 
literature reported probenecid in vitro inhibition data were 
collated using a range of OAT1 and OAT3 probes (Table S1) 
and compared with estimated probenecid in vivo OAT1/3 Ki 
value based on either PDA or HVA data.

PDA model verification

An independent clinical dataset with reported PDA plasma 
concentrations28 was used for model verification. This veri-
fication dataset was an oral SD, randomized, 3- phase, cross-
over study with 14 healthy volunteers receiving 1000  mg 
probenecid in the first phase, 40  mg furosemide (FSM; 
OAT1/3 substrate) in the second phase, and both probenecid 
and FSM together in the third phase. Mean ± SD PDA data 
were digitized using WebPlotDigitizer (https://autom eris.io/
WebPl otDig itize r/). Model simulations were performed for 
both cases (interaction and baseline) using the study design 
reported.

Power calculations

To assess the utility of PDA and HVA to identify weak and 
moderate OAT1/3 inhibitors, the probenecid and biomarker 
models were used to simulate biomarker plasma concentra-
tions. Adjusted Cprobenecid/Ki ratios were applied in Equations 
2 and 3; these ratios were modified to reflect different inhibi-
tor potency or exposure relative to probenecid (ratio varied 
between 0.025 and 5, ratio of 1 representing equivalent to 
probenecid). Simulations were performed using estimated 
parameters from probenecid and biomarker model and AUC 
values were obtained using the trapezoidal function in R.29 
Simulations were based on the same study design as reported in 
Willemin et al. (accepted for publication), with a control phase 
(without probenecid) and interaction phase (with probene-
cid as 500 mg every 6 h). Power curves were generated for 
each modified I/Ki ratio by performing two- samples paired t- 
test on the log transformed AUC values (presence/absence of 
probenecid) following simulations at predefined sample sizes 
(5– 30). At each sample size, 1000 simulations and t- tests were 
performed and the power was calculated as the proportion of 
the simulations during which the null hypothesis was rejected 
at the significance level of 0.05 and 0.01.

Potential effect of transporter inhibitor on 
synthesis rate ksyn

No information was available in the literature on the potential ef-
fect of probenecid on PDA ksyn. Therefore, simulations were per-
formed to assess the consequences of hypothetical scenarios and 
potential effect of transporter inhibitor on PDA ksyn using Equation 
4, as investigated previously on CPI.3 PDA plasma concentrations 
were simulated using hypothetical relative ratios (Cprobenecid/Ki)’ of 
0, 0.1, and 10 of the probenecid effect on PDA CLr (Cprobenecid/Ki), 
where the ratio of 0 corresponds to the scenario of no effect on 
PDA ksyn and with inhibitory effect only on the OAT1/3 transport-
ers. The values of 0.1 and 10 for (Cprobenecid/Ki)’ correspond to 10- 
fold lower and higher, respectively inhibitory effect on ksyn than 
the effect on OAT1/3- mediated CLr of the biomarker.

RESULTS

Individual biomarker plasma data

Low IIV was observed in baseline levels of PDA (CV –  26.9%) 
and HVA (CV –  23.2%). In addition, low intra- individual 
variability was evident, with no apparent prominent effect of 
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circadian rhythm on concentrations of these biomarkers (Figure 
S1A and B). PDA was more sensitive to the effect of potent 
OAT1/3 inhibitor probenecid than HVA, as indicated by indi-
vidual plasma AUC0- tlast ratios ranging from 2.5 to 5.1 com-
pared with a range of 2.1 to 3.7 observed for HVA. There was 
no correlation between the magnitude of PDA and HVA in-
teraction with probenecid in the same individual (assessed by 
plasma AUC0- tlast ratios; Figure S1C). Estimated individual fT 
values were higher for PDA (0.59– 0.81) than HVA (0.53– 0.73; 
Figure S1D). This estimate was interpreted to be OAT1/3- 
driven, assuming that the uptake in the proximal renal tubule is 
the rate determining step for PDA and HVA renal disposition.28

Structural PK models

The structural models used to describe plasma data of 
probenecid and both plasma and urine data of PDA/HVA 

are shown in Figure 1. The one- compartment model best 
described the probenecid data, whereas a turnover model, 
analogous to model developed for CPI,3 was used to describe 
the PDA and HVA data. Model parameters were successfully 
estimated for probenecid, PDA, and HVA and are reported in 
Table 1. Model performance and evaluation were examined 
by visual predictive check (VPC) plots and goodness of fit 
plots, as shown in Figure 2 and in Figures S2– S11.

Probenecid population PK model

Population parameters of probenecid were successfully esti-
mated with moderate standard errors (Table 1). IIV estimated 
for probenecid clearance (CL) and volume of distribution (V) 
was 23% and 40%, respectively. Model adequately described 
the observed data median trend and variability (Figures 
S2– S4).

T A B L E  1  Parameter estimates of the population PK model for probenecid, PDA, and HVA

Drug/biomarker Parameter

Estimates (SE%)

Population IIV IOV

Probenecid CL, L/h 0.82 (9) 23 (23)

V, L 15 (22) 40 (29)

ka/h 0.74 (45)

Ki, µM (PDA data) 54.5 (14)

Ki, µM (HVA data) 137 (24)

σprop, (%) 18.8 (30)

σadd, µM 0.001 (Fixed)

PDA CLr, L/h 15.2 (15) 27 (15)

CLnr, L/h 3.23 (41)

V, L 9.34 (56)

ksyn, µg/h 58.6 (26) 32 (34) 22 (57)

σprop (%) –  plasma 12.7 (7)

σadd, ng/ml –  plasma 0.213 (18)

σprop (%) –  urine 32.1 (20)

σadd, µg –  urine 58 (78)

HVA CLr, L/h 20.4 (14) 23 (26) 5 (48)

CLnr, L/h 1.29 (69)

V, L 105 (35)

ksyn, µg/h 212 (16) 27 (19)

σprop (%) –  plasma 17.3 (8)

σadd, ng/ml –  plasma 0.001 Fixed

σprop (%) –  urine 26.9 (14)

σadd, µg –  urine 373 (20)

Note: Values represents the total Ki estimated by the model. Correction for probenecid unbound fraction in plasma of 0.062 reported (28), resulted in probenecid in 
vivo OAT1/3 Ki values of 3.4 and 8.5 µM based on PDA and HVA data, respectively.
Abbreviations: σadd, additive residual error; σprop, proportional residual error; CL, clearance; CLnr, nonrenal clearance; CLr, renal clearance; HVA, homovanillic 
acid; IIV, interindividual variability; IOV, interoccasion variability; ka, absorption rate constant; ki, inhibitory constant; ksyn, synthesis rate; PDA, pyridoxic acid; PK, 
pharmacokinetic; V, volume.
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Population PK model for OAT1/3 biomarkers

A model with inclusion of CLr and CLnr described success-
fully the observed data for PDA, with reasonable standard 
errors (15%– 41%) for population parameter estimates. A 
similar performance was observed for HVA with slightly 
higher standard errors (14%– 69%). Competitive OAT1/3 
inhibition by probenecid was implemented on CLr, assum-
ing no effect on ksyn and CLnr. Parameters of this model 
were found to be globally identifiable following struc-
tural identifiability analysis. The results showed that renal 
elimination is the main route of elimination for both PDA 
(82%) and HVA (94%) and CLr values were comparable to 
the reported literature values.26 IIV was estimated for PDA 
CLr (27%) and ksyn (32%), with moderate standard errors of 
15% and 34%, respectively. IOV between the two interac-
tion phases was estimated only for ksyn (22%). Similarly, 
parameter estimates were obtained for HVA and are shown 
in Table  1. Simultaneous fitting of all available PDA or 
HVA data ± probenecid allowed estimation of the in vivo 
probenecid OAT Ki value. The Ki corrected for probenecid 
fraction unbound in plasma of 0.06228 was 3.4 µM based on 
PDA data as a transporter probe. This in vivo estimate was 
lower than experimentally obtained in vitro IC50 value for 
this inhibitor against OAT1 (21.7 µM) and OAT3 (4.2 µM) 
using PDA as substrate (Supplementary Material). This 
trend was consistent with literature collation of in vitro 
probenecid Ki using different OAT1/3 substrates (range 
of 1.3– 29.8 µM; see Table S1). The probenecid in vivo Ki 

estimated from HVA data was higher (8.5  µM), but still 
within the range of reported in vitro probenecid inhibition 
data (Table S1). The model successfully captured the ob-
served PDA plasma and urine data, including the variabil-
ity both at baseline and during interaction phases, as shown 
in VPC plots in Figure 2. VPCs plots for HVA are reported 
in Figure S8.

PDA model verification

Considering higher sensitivity of PDA to OAT1/3 interac-
tion and availability of additional clinical data,28 the ability 
of the PDA model to predict the PDA plasma concentration- 
time data from an independent study28 following probene-
cid administration as a single dose was assessed. The model 
adequately predicted the magnitude of interaction and suc-
cessfully captured the variation during both baseline and in-
teraction phases (Figure 3). Simulated PDA plasma AUC0- tlast 
ratios between control and interaction phases were in agree-
ment with the observed individual AUC0- tlast ratios (mean 
AUC0- tlast ratio of 2.29 and 1.95 in simulated and observed 
data, respectively).

Power calculations and study design

The PDA model performance and its verification using in-
dependent dataset confirmed validity of PDA plasma data 

F I G U R E  2  Visual predictive checks of the developed population pharmacokinetic pyridoxic acid (PDA) model superimposed with the 
observed data. Panels represent PDA plasma baseline (a), plasma data in the presence of probenecid (b), urine PDA baseline (c), and urine PDA 
data in the presence of probenecid (d). Shaded areas represent 90% prediction interval, black dots (●) represent observed data, and black lines (– ) 
are the median lines
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as an endogenous biomarker for the identification of a po-
tent OAT1/3 inhibitor, such as probenecid. Currently, there 
is a lack of clinical data on the effect of moderate or weak 
OAT1/3 inhibitors on PDA plasma concentrations. To ad-
dress this gap, PDA plasma concentration data were simu-
lated with varying inhibitor potency or exposure relative to 
probenecid (expressed as Cprobenecid/Ki ratios of 0.025– 5). 
Furthermore, impact of different dosage regimens of inhibi-
tors and duration of studies was evaluated (SD of 1000 mg 

probenecid, SD of 2000 mg, and MDs of 500 mg probenecid 
every 6 h). Power calculation analysis showed that reduced 
sample sizes are required for the MD study design (with sam-
pling time over 168 h) compared to SD 1000 mg study design 
(with sampling time over 24 h) in order to detect significant 
interactions in case of weak- to- moderate inhibitors (I/Ki from 
0.025 to 0.25 relative to probenecid; Figure 4a vs. b). Notably, 
the difference in the required sample size between SD and 
MD study designs was negligible when the same total daily 

F I G U R E  3  Verification of pyridoxic acid (PDA) model against independent clinical data. Simulated PDA plasma concentrations in control (a) 
and interaction phase (b). Shaded area represents 90% prediction interval, black circles (●) are the observed PDA literature data,28 and open circles 
(o) are observed baseline data from the current study

F I G U R E  4  Pyridoxic acid (PDA) power curves at significance level (α = 0.05) representing relationship between sample size and power of 
detecting significant OAT1/3- mediated drug- drug interactions for inhibitors ranging from weak to strong (I/Ki of 0.025– 5 relative to probenecid) 
and different study designs ((a) = 500 mg every 6 h q.i.d., (b) = 1000 mg single dose, and (c) = 2000 mg single dose)
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dose of probenecid (2000  mg) was used (Figure 4a vs. c). 
For example, for detection of DDIs by weak OAT1/3 inhibi-
tor (I/Ki =0.1 relative to probenecid), sample sizes of 9, 25, 
and 10 would be required for MDs (500 mg every 6 h), SD 
(1000 mg), and SD with the same total daily dose as in MDs 
(2000 mg), respectively. Power calculations at significance 
level of 0.01 are given in Figure S12. Similar calculations 
were performed for HVA and results are shown in Figures 
S13 and S14. No difference was found in power calculations 
between PDA and HVA to detect DDIs by strong OAT1/3 
inhibitors, whereas in case of weak and moderate inhibitors, 
more subjects are needed to detect DDIs using HVA as an en-
dogenous biomarker (Figure 4 vs. Figure S13). For example, 
in an SD study design of moderate OAT1/3 inhibitor (I/Ki = 
0.25 relative to probenecid), 9 and 17 subjects were required 
to detect significant DDIs using PDA and HVA as endog-
enous biomarkers, respectively.

DISCUSSION

Endogenous biomarkers have been proposed as a promising 
tool to evaluate transporter function in vivo and assess pos-
sible risk of transporter- mediated interactions in early phases 
of drug development. However, mechanistic understanding 
of the disposition of biomarkers and factors contributing to 
IIV or intra- individual variability in their baseline is still 
lacking for many. This is of particular relevance for endog-
enous biomarkers for renal transporters, in contrast to more 
advanced knowledge and evaluation of endogenous biomark-
ers for hepatic transporters.3,15,20,24 In this study, a popula-
tion PK model has been developed for PDA and HVA, two 
recently identified promising plasma- based biomarkers of 
renal transporters OAT1/3.

Comparison of PDA and HVA

Between the two evaluated biomarkers, PDA showed more 
stable baseline plasma concentrations than HVA (Figure 
S1). PDA was also more sensitive to the effect of potent 
OAT1/3 inhibitor probenecid, as indicated by generally 
higher individual plasma AUC0- tlast ratios than HVA (Figure 
S1c). No direct correlation could be established between the 
PDA and HVA magnitude of interaction with probenecid in 
the current dataset (Figure S1C), which may be attributed to 
differential OAT1/3 contribution to the renal disposition and 
relatively small sample size to establish any robust trends. 
Estimated unbound probenecid in vivo OAT1/3 Ki was 
lower based on PDA data (3.4 µM) than the value obtained 
using HVA data (8.5 µM). Power calculations indicated no 
difference between PDA and HVA with respect to required 
sample sizes to detect DDI with strong OAT1/3 inhibitors 

such as probenecid (Figure 4, Figure S13). However, in the 
case of weak to moderate inhibitors, a higher number of 
subjects was needed to detect DDIs when using HVA as 
a plasma OAT1/3 biomarker than PDA (Figure 4, Figure 
S13). Based on all the above, further model evaluation fo-
cused on PDA as a more relevant plasma endogenous bio-
marker of OAT1/3 activity.

PDA model development and verification

The PDA model was developed using both plasma and urine 
data (with and without probenecid); availability of data in both 
phases was crucial for the identifiability of model parameters. 
No direct relationship was found between individual’s base-
line PDA plasma concentrations at time zero and the magni-
tude of probenecid interaction (data not shown). Therefore, 
based on the data available so far, it was not possible to es-
tablish whether individuals with lower initial baseline PDA 
concentrations would be more susceptible to OAT- mediated 
interaction. The analysis has shown that renal excretion was 
the major elimination route for PDA, contributing 82% to its 
total CL. As probenecid is a potent inhibitor of both OAT1 
and OAT332 and with no information on their relative contri-
bution to PDA uptake, sensitivity of PDA was considered to 
be the net result of combined inhibition of OAT1 and OAT3. 
Therefore, use of plasma PDA data may result in underestima-
tion of clinical DDI, if there is a specific inhibition of either 
of these transporters. Estimated unbound in vivo probenecid 
Ki value using PDA as OAT1/3 substrate was up to 6.4- fold 
lower than in vitro OAT1/3 probenecid IC50 with PDA as a 
substrate, and also on the lower end of the literature reported 
in vitro probenecid inhibitory data for a range of OAT1 (3.9– 
28 µM) and OAT3 (1.3– 29.8 µM) substrates (Table S1).

Low IIV and intra- individual variability in the PDA base-
line concentrations was important for obtaining reliable pa-
rameter estimates and to identify DDI risk with moderate 
and weak inhibitors. In the case of PDA, low intra- individual 
variability over 168 h (Figure S1A), indicates negligible ef-
fect of circadian rhythm on its plasma concentrations. It is 
important to note that the clinical study used was designed 
in a way that there was no predose PDA concentration mea-
surement; instead, a phase where Janssen compound was 
administered on its own was used as a baseline, assuming 
no effect on OAT1/3. This assumption was reasonable when 
PDA concentrations were compared with true predose mean 
PDA measurements reported previously.28

PDA synthesis and diseased population

PDA is the end product of vitamin B633 and probenecid was 
considered to have no effect on its formation (defined in the 
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model as ksyn). However, the PDA ksyn could be affected by 
external factors, such as disease or diet/vitamin intake, which 
may contribute to the variability in the biomarker baseline 
across different populations. Consequences of any potential 
effect of transporter inhibitor on the synthesis of PDA (in ad-
dition to its effect on OAT1/3) have been investigated using 
the PDA model developed (Figure 5). These simulations 
highlight potential bias in the interpretation of biomarker- 
transporter interaction data in cases where biomarker synthe-
sis is also affected by a transporter inhibitor. The extent of 
this effect is also linked to the study design, as the recovery 
of simulated PDA concentrations was rapid in case of SD of 
an OAT inhibitor in contrast to a MD study design. Certain 
diseases, for example, chronic kidney disease, are associated 
with decreased OAT1/3 activity34 as a result of either the in-
hibitory effect of uremic solutes on transporters or reduced 
albumin- facilitated transport.35 This adds another level of 
complexity when interpreting PDA baseline and interaction 
data in such patient populations.

Power calculations and interaction study design

Power calculations confirmed adequacy of previous clini-
cal studies (MD study design with 6 subjects, as reported 
in Willemin et al. (accepted for publication) and SD with 
14 subjects28) and the suitability of PDA as OAT1/3 en-
dogenous biomarker for the evaluation of strong OAT1/3 
inhibitors, such as probenecid. To support biomarker quali-
fication, it is essential to investigate the ability of PDA in 
detecting also weak and moderate inhibitors of OAT1/3. To 

address this gap, we have performed power calculations for 
different hypothetical inhibitors and under different study 
design/duration (MD 500 mg q.i.d., SD 1000 mg, and SD 
2000  mg, same daily dose as in MD; Figure 4), assum-
ing that the hypothetical inhibitors follow the same PK as 
probenecid (assuming no nonlinearity in protein binding 
at higher concentrations). Power calculations of weak and 
moderate OAT1/3 inhibitors showed the advantage of an 
MD study design (smaller sample size required) over SD 
(1000 mg) for OAT DDI detection (Figure 4a vs. b). The 
difference in required sample size between study designs 
was negligible for the same total daily dose (2000 mg) of 
an OAT1/3 inhibitor (Figure 4a vs. c). Therefore, an SD 
with maximum possible dose of an inhibitor may be prefer-
able, as it requires a smaller number of subjects with short 
study duration (cost effective). In addition, this design is 
more in line with the first- in- human studies, which gener-
ally enroll a small number of subjects. In cases when an MD 
is necessary, a number of dosing frequencies (once, twice, 
or 4 times daily) were found to reach the same steady- state 
concentrations (Figure S14), suggesting no difference in the 
required sample sizes for detection of OAT1/3- mediated 
DDIs across different dosing frequencies.

In conclusion, this study confirms the sensitivity of 
plasma PDA data to identify OAT1/3 inhibitors with differ-
ent potency (weak to strong). Critical evaluation based on 
multiple criteria showed that PDA is a more robust OAT1/3 
biomarker than HVA. Power calculations and evaluation of 
different study designs performed in this work provide an in-
valuable tool to support the design of prospective OAT1/3 
DDI studies in early phase clinical trials.

F I G U R E  5  Simulated pyridoxic acid (PDA) plasma concentrations assuming the effect of OAT1/3 inhibitor also on biomarker synthesis 
(ksyn). Hypothetical ratio of 0 (continuous line) corresponds to no effect on PDAksyn. The values of 0.1 (dotted line), and 10 (dashed line) represent 
10- fold lower and higher, respectively, inhibitory effect on PDAksyn than the effect on OAT1/3- mediated CLr of the biomarker. Scenarios simulated 
following (a) multiple doses of probenecid (500 mg every 6 h) or (b) single dose of probenecid (1000 mg)
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