MANCHESTER

1824
The University of Manchester

The University of Manchester Research

Clinical Investigation on Endogenous Biomarkers to
Predict Strong OAT-Mediated Drug—Drug Interactions

DOl:
10.1007/s40262-021-01004-2

Document Version
Accepted author manuscript

Link to publication record in Manchester Research Explorer

Citation for published version (APA):

Willemin, M., Van Der Made, T. K., Pijpers, I., Dillen, L., Kunze, A., Jonkers, S., Steemans, K., Tuytelaars, A.,
Jacobs, F., Monshouwer, M., Scotcher, D., Rostami-hodjegan, A., Galetin, A., & Snoeys, J. (2021). Clinical
Investigation on Endogenous Biomarkers to Predict Strong OAT-Mediated Drug—Drug Interactions. Clinical
Pharmacokinetics. https://doi.org/10.1007/s40262-021-01004-2

Published in:
Clinical Pharmacokinetics

Citing this paper

Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights

Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy

If you believe that this document breaches copyright please refer to the University of Manchester's Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

OPEN ACCESS

Download date:08. Jun. 2022


https://doi.org/10.1007/s40262-021-01004-2
https://www.research.manchester.ac.uk/portal/en/publications/clinical-investigation-on-endogenous-biomarkers-to-predict-strong-oatmediated-drugdrug-interactions(3bbdfaf1-6635-4c45-a863-08fe91756208).html
https://doi.org/10.1007/s40262-021-01004-2

10

11

12

13

14

15

16

17

18

19

20

21

22

Clinical investigation on endogenous biomarkers to predict strong OAT

mediated Drug-Drug interactions

Marie-Emilie Willemin®*, Thomas K. Van Der Made?, lIs Pijpers’, Lieve Dillen', Annett Kunze, Sophie
Jonkers', Kathleen Steemans!, An Tuytelaars', Frank Jacobs®, Mario Monshouwer®, Daniel Scotcher?,

Amin Rostami-Hodjegan?, Aleksandra Galetin?, Jan Snoeys®

! Janssen Pharmaceutical Companies of Johnson & Johnson, Drug Metabolism and Pharmacokinetics,

Turnhoutseweg 30, 2340 Beerse, Belgium

2 Centre for Applied Pharmacokinetic Research

Division of Pharmacy and Optometry

School of Health Sciences

Faculty of Biology, Medicine and Health

University of Manchester, Manchester Academic Health Science Centre

Manchester, M13 9PT, United Kingdom

Running heading: Endogenous biomarkers of strong OAT-mediated DDI

Corresponding author:
Marie-Emilie Willemin
+ 3214 60 2329

mwillel5@its.jnj.com



mailto:mwille15@its.jnj.com

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43
44

45

46

47

Abstract

Introduction Endogenous biomarkers are promising tools to assess transporter-mediated drug-drug
interactions (DDI) early in humans.

Methods We evaluated on a common and validated in vitro system the selectivity of 4-pyridoxic acid
(PDA), homovanillic acid (HVA), glycochenodeoxycholate-3-sulfate (GCDCA-S) and taurine towards
different renal transporters, including multidrug resistance-associated protein (MRP), and assessed the in
vivo biomarker sensitivity towards the strong organic anion transporters (OAT) inhibitor probenecid at
500mg every 6h to reach close to complete OAT inhibition.

Results PDA and HVA were substrates of the OAT1/2/3, OAT4 (PDA only) and MRP4; GCDCA-S was
more selective, having affinity only towards OAT3 and MRP2. Taurine was not a substrate of any of the
investigated transporters under the in vitro conditions tested. Plasma exposure of PDA and HVA
significantly increased and the renal clearance of GCDCA-S, PDA and HVA decreased; the magnitude of
these changes was comparable to the ones of known clinical OAT probe substrates. PDA and GCDCA-S
were the most promising endogenous biomarkers of the OAT pathway activity: PDA plasma exposure was
the most sensitive to probenecid inhibition, and, in contrast, GCDCA-S was the most sensitive OAT
biomarker based on renal clearance, with higher selectivity towards the OAT3 transporter.

Conclusion The current findings illustrate a clear benefit of measuring PDA plasma exposure during Phase
1 studies when a clinical drug candidate is suspected to be an OAT inhibitor based on in vitro data.
Subsequently, combined monitoring of PDA and GCDCA-S in both urine and plasma is recommended in
order to tease out the involvement of OAT1/3 in the inhibition interaction.

EudraCT number : 2016-003923-49
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Key points :

Selectivity and sensitivity of HVA, PDA, GCDCA-S and taurine were evaluated in vitro with
validated and common devices and in vivo with probenecid 500 mg QID allowing close to
complete OAT inhibition.

PDA and GCDCA-S were the most sensitive to OAT inhibition based on plasma and urine levels,
respectively. PDA has affinity towards multiple renal transporters, whereas GCDCA-S was more
selective, transported only by OAT3 and MRP2.

Measurement of PDA in the early Phase 1 studies when only plasma is sampled is recommended
for a compound suspected to be an OAT inhibitor. Combined monitoring of PDA and GCDCA-S
in urine and plasma is recommended to tease out the involvement of OAT1/3 in the inhibition

interaction.
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1 Introduction

Inhibition of enzymes and transporters can be a source of drug-drug interactions (DDIs), which can lead to
a change in exposure of the active drug and potentially to the appearance of side effects. Therefore,
regulatory health agencies and the international transporter consortium (ITC) established guidelines in order
to identify and characterize potential DDIs during the development of a new molecular entity (NME) [1-
3]. With regards to transporters, a classical approach consists first of performing in vitro tests to identify
any potential DDI risk, and subsequently conduct a clinical DDI study towards the transporter for which a
potential liability was identified in vitro. Clinical DDI studies usually occur when the development of the
NME is already advanced. However, identifying the magnitude of a potential DDI as early as possible is

critical during the drug development, to assess and mitigate safety risks.

Predictive tools such as mechanistic static models or physiologically-based pharmacokinetics (PBPK)
models can be utilized to estimate the magnitude of the in vivo interaction by using in vitro results [4-8].
However, static models might lead to false negative predictions and despite great progress, predictivity of
transporter DDIs with PBPK models remains still challenging. Another approach emerging recently is the
use of endogenous biomarkers as an early clinical readout of transporter-mediated DDIs, which could be a
cost-efficient and time-saving approach to evaluate DDI early in humans [2, 6, 9]. The benefits of
endogenous biomarkers are multiple: first the kinetics of endogenous biomarkers can be evaluated already
during the first clinical studies (Phase 1); second, the results of the endogenous biomarker assessment will
guide further clinical development and might avoid performing a dedicated DDI study if no change in the
kinetics of the endogenous biomarker is observed in presence of the NME. Considering the critical
decisions taken upon the results of endogenous biomarker measurements, it remains crucial to characterize
their specificity, selectivity and sensitivity to certify the robustness of their use as a readout of transporter
DDI [2]. In other words, the change in endogenous biomarker kinetics should ideally reflect the interaction
of the inhibitor with the activity of one single transporter, and the extent of change should be similar as the

one of clinically used DDI probe drugs [2, 6]. Endogenous biomarkers like coproporphyrins (CPP) are well
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documented as a readout of hepatic DDIs mediated by organic anion-transporting polypeptide (OATP) and
multidrug resistance-associated protein (MRP) transporters [9-13], whereas additional efforts need to be
undertaken for the characterization of endogenous biomarkers of renal transporters such as organic anion
transporters (OATS). Recently, Shen et al. identified 4-pyridoxic acid (PDA) and homovanillic acid (HVA)
as promising endogenous biomarkers of OAT1 and OAT3, respectively [14, 15]. Tsuruya et al. further
identified taurine and glycochenodeoxycholate-3-sulfate (GCDCA-S), as biomarkers of OAT1 and OAT3,
respectively [16]. By using internal in vitro systems, both groups characterised the selectivity of these
endogenous biomarkers towards different transporters: OAT1/3 [16] and additionally (among others)
OAT2/4 and OATP1B1/3 in Shen et al. [15]. The in vitro evaluation was further combined with assessment
of the biomarker’s sensitivity of plasma and urine levels in Japanese and Indian male populations after
different oral single doses of probenecid (500 to 1500mg), the recommended OAT inhibitor in clinical DDI

studies [17].

In this study, we aim to provide a comprehensive characterization of the selectivity and sensitivity of PDA,
HVA, GCDCA-S and taurine towards several renal transporters. For the first time a common in vitro system
per transporter was used to characterize selectivity of the four endogenous biomarkers. Specifically, the
selectivity was studied towards the basolateral transporters OAT1/2/3/4, the organic cation transporter
(OCT)2 and, for the first time, towards MRP2/4, located on the apical membrane of the kidney cells. The
clinical DDI sensitivity of these endogenous biomarkers was subsequently evaluated in healthy volunteers
towards repeated doses of 500mg probenecid, enabling maximum OAT inhibition. The potential interaction
of the probenecid dosing regimen on the endogenous OATP biomarkers CPPI/III in plasma and urine was
also assessed, since GCDCA-S is known as a biomarker of OATP activity [18, 19], and to exclude that the

changes in GCDCA-S in presence of probenecid are due to OATP inhibition instead of OAT inhibition.
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2 Material and Methods

The Material and Methods section is provided in the electronic supplementary material (Online Resource)
and includes detailed information about the compounds, the protocol of in vitro experiments, an overview
of the design of the clinical study, a description of the bioanalytical methods [20] [Pijpers et al (in
preparation)], and the methods used for data analysis. During the clinical study, no concomitant medication,
including JNJ compound, that could affect the transporter activity or the synthesis of PDA, HVA, GCDCA-

S and taurine was identified (aside from probenecid).

3 Results

3.1 Invitro renal transporter substrate assessment of PDA, HVA, GDCA-S and taurine

Uptake velocities of the endogenous compounds in transporter overexpressing and control cell lines with
final incubation conditions are summarized in Table 1. Transporter reference substrates were included in
all experiments, resulting in uptake ratios (overexpressing/control) ranging between 3.3 and 48.0, indicating

that the in vitro systems adequately expressed the respective transporter.

As listed in Table 1, the endogenous compounds of interest showed no affinity for OCT2 since uptake ratios
were below 1 or the velocities used to calculate the uptake ratio were based on concentrations equal to the
lower limit of quantification (LLQ). The uptake velocity of PDA was higher in OAT1, OAT2, OAT3 and
OAT4 overexpressing cell lines and MRP4 overexpressing vesicles compared to control cells and vesicles
resulting in uptake ratios of >176.6, 20.1, >6.8, 2.5 and >5.2, respectively. PDA concentrations measured
in the MDCK-II parental cell line and the HEK293 control vesicles of the MRP4 experiment were below
the LLQ and were set to the LLQ in order to compute a velocity of uptake. Therefore, the uptake ratio for
OAT3 and MRP4 is likely to be higher because the uptake velocity of PDA in the corresponding control
systems is probably overestimated. Moreover, high variability in the velocity of uptake was observed in
MRP4 vesicles. No differences in PDA uptake velocity was observed between MRP2 overexpressing

vesicles and control vesicles.
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A higher uptake velocity of HVA was observed in OAT1, OAT2 and OAT3 overexpressing cells versus
control cells, with uptake ratios of 19.8, 19.2 and 2.2, respectively. However, the uptake ratio for OAT3
transporter is likely to be higher since a 15 min incubation at a high HVA concentration (50 uM) was
required to quantify HVA in the in vitro systems. These conditions are unlikely to represent linear
conditions, and therefore a potential underestimation of the uptake ratio is probable. No affinity of HVA
with OAT4 was observed. HVA was identified as a MRP4 substrate (uptake ratio = 6.7), but not a MRP2

substrate.

GCDCA-S was only a substrate for the OAT3 and MRP2 transporters, with uptake ratios of 4.0 and 4.5,
respectively. GCDCA-S was not a MRP4 substrate (uptake ratio = 1.4), with GCDCA-S being hardly
quantifiable in the control vesicles at the reported conditions of incubation (n=1). No affinity of taurine
with the investigated transporters was observed: taurine uptake velocities were comparable between

overexpressing and control cell lines.

3.2 Probenecid inhibition potency towards the studied transporters

Probenecid inhibitor potency was evaluated using well established transporter reference substrates towards
transporters for which uptake fold ratio of the endogenous biomarker PDA, HVA and GCDCA-S was at
least higher than 2 (Table 1), namely OAT1/2/3 and MRP2/4. The inhibitor potency of probenecid was also
evaluated towards the hepatic transporters OATP1B1/3, which are involved in the uptake of CPP-I and
CPP-III in hepatic cells. Inhibitor potential of probenecid towards OAT4 was not evaluated in vitro since
probenecid is documented as being a weak inhibitor of OAT4, with an in vitro half maximal inhibitory total
concentration (IC50) ranging between 56 and 134 uM [15]. Probenecid inhibited OAT1 and OAT3, with
an in vitro 1C50 of 25.7 + 2.8 uM and 4.67 + 0.07 uM, respectively (Fig 1) and was a weak inhibitor of
OATP1B1 (IC50 = 157 + 77 uM). At the highest concentration of probenecid tested (300 uM), only 22%
and 11% inhibition of MRP2 and MRP4 activity was observed respectively, and no inhibition of the activity

of OAT2 and OATP1B3 was shown.
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3.3 Unbound fraction of the biomarkers in plasma

Recovery of the incubated concentrations of the four endogenous biomarkers was very high, ranging
between 86 and 113%. HVA and taurine were moderately bound to plasma proteins, with fu, (as fraction)
equal to 0.65 +0.13 and 0.80 £ 0.01, respectively. PDA was highly bound to plasma proteins (fu, =
0.081 +0.0004), as already observed by Shen et al. [14]. GCDCA-S was extremely bound to plasma
proteins (0.0018 +£0.0001), at a value 10-fold lower than the one reported in the literature using
ultracentrifugation technique [16]. To confirm our internal result for GCDCA-S, multiple possible variables
were assessed (different in vitro systems, non-specific binding, time to reach equilibrium), and all

conditions gave the same fu, value (Online Resource).

3.4 Clinical assessment of PDA, HVA, GCDCA-S and taurine biomarker sensitivity

During 1 week, a 500mg dose of probenecid was administered orally approximately every 6h,
corresponding to 4 doses per day (QID), to 6 Caucasian females. The mean plasma concentration-time
profile of probenecid is displayed in Fig 2. Probenecid concentrations increased during the first day to reach
a mean trough concentration (Cyough) Of 83,767 ng/mL (294 uM) at 24h, corresponding to the time at which
the probenecid plasma concentrations reached steady-state. Mean exposure to probenecid 24h after 3"
probenecid doses of 500mg QID probenecid, represented by the area under the plasma concentrations-time
curve (AUCo-24n), Was equal to 5.6 mM.h; the actual plasma exposure is most likely higher, since the AUC,.
24n Of 5.6 mM.h was computed based on Ciough probenecid concentrations. It is important to emphasize that

the probenecid exposure in this study was at least 1.8-fold higher and ~ 1.4-fold higher than the ones
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Table 1. Comparison of the uptake velocities of PDA, HVA, GCDCA-S, taurine and transporter reference

substrates obtained in uptake transporter-expressing systems and control systems.

Transporter-

overexpressing

In vitro Compound Control system Uptake fold
Transporter system (incubation time) system (pmol/min/mg.prot) ratio (-)
¥ (pmol/min/mg.pr P &p
ot)
5 UM PAH (3 min) 38.8t3.4 0.8+0.2 48.0
10 uM PDA (1 min) 188.0 + 10.2 <1.1* >176.6
OAT1 ﬁ:f el 50 uM HVA (1 min) 617.7 + 34.3 31216 19.8
10 uM GCDCA-S (1 min) 6.2+3.2 17.4 £9.7 0.4
1 uM taurine (5 min) 3.2+0.3 3.7+04 0.8
2 UM cGMP (2 min) 541+2.4 1.5+0.5 35.6
10 uM PDA (5 min) 56.2+3.6 2.8+0.3 20.1
OAT2 :'jrlzl:: 50 uM HVA (1 min) 2091.0 + 28.8 109.1+ 4.4 19.2
10 uM GCDCA-S (1 min) 17.9+3.6 19.4+5.3 0.9
1 uM taurine (2 min) 8.3+0.3 11.1+£0.5 0.7
1 UM E3S (3 min) 35.7+1.1 0.9+0.0 39.4
10 pM PDA (1 min) 71.0+4.7 <11.4* >6.8
MDCK-II
OAT3 cellline 50 MM HVA (15 min) 7.0+0.6 3.2+04 2.2°
10 uM GCDCA-S (1 min) 33.7+2.0 84126 4.0
1 uM taurine (5 min) 1.5+0.5 1.5+0.1 1
1 uM E3S (2 min) 34.6+0.6 0.9+0.1 38.9
10 uM PDA (5 min) 6.4 0.5 2.5+0.1 2.5
HEK293
OAT4 cellline 50 HM HVA (5 min) 40.7+1.6 36.4+1.9 11
10 uM GCDCA-S (5 min) 3.2+0.3 3.7+1.0 0.9
15 nM taurine® (5 min) 0.03+1.2e-3 0.03+1.9e-3 1
10 uM metformin (3 min) 34.8+0.6 1.3+0.2 26.6
10 uM PDA (5 min) <20* <1.1*% NA
CHO cell .
0OCT2 line 50 uM HVA (1 min) 154+1.3 31.2+1.6 0.5
10 uM GCDCA-S (1 min) 3.6+0.4 17.4+£9.7 0.2
1 uM taurine (5 min) 1.3+0.1 4.0+0.1 0.3
10 uM CDCF (5 min) 29.3+10.8 9.0+6.3 3.3
10 uM PDA (5 min) 21.7 £0.1 ** 51.8+29.1 0.4
MRP2 \};I:sffltgei 50 uM HVA (5 min) 48.6 + 29.6 128.8 £ 94.5 0.4
10 uM GCDCA-S (5 min) 133.2+25.3 29.7+7.5 4.5
1 uM taurine (5 min) 42.6+4.8 37.0+£2.6 1.2
0.2 uM DHEAS (5 min) 29.0+1.9 1.2+1.0 24.1
MRP4 HEK293 10 uM PDA (5 min) 38.0+27.4 ** <73*%* >5.2
vesicles
50 uM HVA (5 min) 200.7 £ 41.4¢ 29.9+ 8.8 6.7
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10 uM GCDCA-S (5 min) 159+3.3 11.4%** 14
1 uM taurine (5 min) 46.0+7.8 34.7£4.7 1.3

PAH = p-aminohippurate, cGMP = cyclic guanosine monophosphate, E3S = esterone -3- sulfate, CDCF =
carboxydichlorofluorescein, DHEAS = dehydroepiandrosterone sulfate.

a: ratio might be underestimated. HVA was not quantifiable at shorter times of incubation: velocity of uptake might
not be measured in linear condition using our quantification method

b: data for 1 uM not available

¢:n = 2. The third measurement was an outlier (value was 10-fold lower than the mean).

NA : not applicable. Concentrations used to compute the velocity were equal to the lower limit of quantification (LLQ)
in both the overexpressing and control cell lines

* : concentrations of the three replicates were below the LLQ. Concentrations used to compute the velocity were set
to the LLQ for the three replicates.

** n=2, other measured concentrations was below the LLQ

***n=1, other measured concentrations were below the LLQ

OAT1 inhibition OAT3 inhibition
120 120
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previously reached for similar evaluation of the effect of probenecid 1000 mg SD on HVA and PDA kinetics
(probenecid AUCq.24n = 3.2 mM.h) [14] and probenecid 1500 mg SD on GCDCA-S and taurine kinetics
(probenecid AUCo.sn = ~3.9 mM.h) [16], respectively. Therefore, the dosing regimen currently used enabled
to maximise the OAT inhibitor potential of probenecid and allow to deconvolute the contribution of OAT

mediated uptake in the human pharmacokinetics (PK) of these biomarkers.

The effect of the multiple doses of probenecid on PDA, HVA, GCDCA-S and taurine kinetics 24h after the

3" probenecid doses from the 500mg QID probenecid regimen are illustrated in Table 2 and Fig 3.

In the absence of probenecid, PDA had a stable baseline, with a mean predose concentration of 3.01 +
0.83 ng/mL (Fig 3 a); predose term corresponds to the blood sampling time before the administration of the
JNJ compound and probenecid (Online Resource). In presence of probenecid, all PDA plasma
concentrations increased up to 5.6-fold, leading to a significant increase of the AUCq.oan by 3.7-fold
(p<0.001). The PDA amount excreted in urine in the 24h time period non-significantly (Xeo-2sn) decreased
by 1.6-fold, and the PDA renal excretion clearance (CLg) significantly decreased by 6.0-fold (p<0.001).
Overall, PDA kinetics were sensitive to probenecid (500mg QID), reflected in a change in both plasma and

urine matrices.

Like PDA, in absence of probenecid, plasma profile of HVA remained stable at 10.1 + 3.3 ng/mL (predose)
(Fig 3 b). After probenecid administration, each HVA concentration increased by 2.0 to 2.8-fold, triggering
a significant increase in AUCq.2an plasma by 2.1-fold (p<0.001). The amount of HVA Xeg.22n NoN-
significantly decreased by 1.4-fold and the CLg significantly decreased by 3.0-fold (p<0.01). Non-
significancy of the change in Xeg2an compared to the other PK parameters for PDA and HVA can be
explained by probenecid having opposite effect with a similar magnitude on plasma AUCg.24n and CLr.
HVA kinetics was sensitive to probenecid (500mg QID) on both plasma and urine levels, but to a lesser

extent than PDA.

Taurine concentration at predose was 6,892 + 1,310 ng/mL in absence of probenecid and slightly increased

in the presence of probenecid, reaching a maximum at 7h (30% increase), followed by a return to baseline

11
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at 12h (Fig 3 c¢). The amount of taurine Xeo.2sn and the CLr decreased significantly (p<0.01) on average by

3.2-fold and by 3.4-fold, respectively. Taurine was sensitive to probenecid (500mg QID) on urine level

only.

150000 = 243  Fig. 2 Mean and standard deviation of plasma concentration

’_ET 244  profiles of probenecid (PROB) following 500 mg oral
£ 100000 245  administration of probenecid approximately every 6h (1
§ 246  week, n=6). Reported concentrations correspond to trough
Qg 50000 = 247  levels (so before the next probenecid administration). At Oh,
O(‘—fi 248 2 doses of probenecid 500 mg with 6h in between were
=TT T T T T 1249 already administered. Description of the clinical trial is

0 24 48 72 96 120144168

time (hr) available in the Supplementary data (Online Resource)

251

In the absence of probenecid, GCDCA-S showed a bimodal plasma profile with maximal concentration
(Crmax) Observed at 1h and 12h, and baseline of 29 + 10 ng/mL (predose) (Fig 3 d). In the presence of
probenecid, the bimodal plasma profile was still observed but the difference between baseline and Crax Was
more pronounced, with a significant 2.0-fold mean increase in Crax (p<0.01). Plasma AUC.24n significantly
increased by 1.9-fold (p<0.01), and the Xeo-24n and the CLgr significantly decreased by 5.1 (p<0.001) and
9.5-fold (p<0.001), respectively. Overall, the GCDCA-S kinetics were sensitive to probenecid (500mg

QID), with urine parameters providing the most sensitive readouts of all four biomarkers investigated.

For PDA, HVA, taurine and GCDCA-S, inter-individual variability in the plasma PK parameters Cpax and
AUC.24n was moderate with and without probenecid (CV < 30%), in contrast to high variability seen in
urine parameters Xeg-24n and CLg (CV >90% for PDA and taurine), with reduced CVs observed in presence
of probenecid (CV = 61% for PDA and 65% for taurine). Difference in the inter-individual variability
between plasma and urine PK parameters can be explained by the higher contribution of the renal
elimination pathway compared to non-renal elimination pathways in the total elimination of these

biomarkers. Interindividual differences in renal transporter activity will have a more pronounced effect on

12
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renal elimination than on plasma concentrations. This is further substantiated by a significant decrease in

the variability of renal clearance and amounts excreted in urine in presence of probenecid.

Fig 4 illustrates the correlation between the plasma concentrations of endogenous biomarkers and the total
probenecid plasma concentrations, over the time range 0 to 168h (full time range of the treatment). PDA
and HVA plasma concentrations correlated with increased total probenecid plasma concentrations, starting
approximately at probenecid plasma concentrations of 50,000 ng/mL (r? = 0.44 for PDA and 0.51 for HVA)

However, no such trend was observed for taurine and GCDCA-S.

3.5 Clinical Assessment of CPP-1 and CPP-I111 sensitivity to probenecid

In the absence of probenecid, CPP-I and CPP-I111 profiles were stable, at a concentration (predose) of 0.375
+ 0.071 ng/mL and 0.034 £+ 0.011 ng/mL, respectively (Fig 3 e and f). The inter-individual variability for
both CPP-I and CPP-III in the plasma and urine kinetics parameters were low (CV = 15 - 25%) and high
(CV =50 - 63%), respectively. In the presence of probenecid, CPP-1 and CPP-III plasma AUCg.24n Showed
a small but significant (p<0.01) increase by 1.4 and 1.6-fold, respectively. This increase is however
negligible compared to the plasma increase observed with a potent OATP inhibitor (eg 7-fold for CPP-I
and CPP-I11 after single rifampicin dose, compared to placebo group [10]). The CLr of CPP-I and CPP-III
decreased by 1.2-fold: these changes were not significant because of the high inter-individual variability in
the urine related parameters. No clear correlation was observed between CPPs plasma concentration and
probenecid plasma concentrations (Fig 4 e and f). Overall, CPP-I and CPP-I1I showed limited sensitivity to
probenecid (500mg QID) in plasma, with no effect on their renal elimination in line with the in vitro results

that probenecid is not a potent inhibitor of OATP/MRP and that CPPs are not a substrate of OATS.
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288  Table 2. Comparison of the pharmacokinetic plasma and urine parameters AUCo.24h, Cmax, X€0-24n and CL
289  for PDA, HVA, taurine, GCDCA-S, CPP-1 and CPP-IlI before and 24h after 3" dose of 500 mg QID

290  probenecid in 6 healthy volunteers.

Treatment A Treatment B
Analyte/Parameter (no probenecid) (with probenecid) GMR
mean SD mean SD
PDA
AUCoaan  (hr*ng/mL) 71.8 + 213 271 + 93 k¥ 37 1
Crnax (ng/mL) 36 + 0.8 13.7 + 41 bk 37 1
Xeoasn  (ng/kg BW) 225 + 21.0 13.1 + 8.0 16
Clr (mL/min/kg BW) 47 + 29 0.77 + 036 ek 60 |
HVA
AUCozan  (hr*ng/mL) 247 + 61 536 + 165 ok 21 7
Crnax (ng/mL) 134 + 3.8 349 + 10.7 ok x 26 7T
X€o-24n (ng/kg BW) 85.4 + 458 58 + 16.4 1.4
Clr (mL/min/kg BW) 58 + 238 19 + 0.7 ** 30
taurine
AUCosn  (hr*ng/mL) 166,480 + 22,582 180,848 + 23,810 1.1 1
Crnax (ng/mL) 8970 + 1,668 10,005 + 2,118 1.1 1
X€0-24n (ng/kg BW) 1,268 + 1,165 374 + 243 ** 32
Clg (mL/min/kg BW) 0.127 + 0.123 0.034 + 0.022  ** 34
GCDCA-S
AUCosn  (hr*ng/mL) 858 + 259 1,574 + 395 ** 1.9 1T
Crnax (ng/mL) 535 + 16.7 1044 + 20.1 ** 20 1
X€0-24n (ng/kg BW) 45 = 2.4 0.8 + 03 ik 51 1
Clg (mL/min/kg BW) 0.088 + 0.048 0.009 + 0.005  *** 95
CPP-|
AUCooan  (hr*ng/mL) 9.07 + 153 12.77 + 2.57 *x 1.4 7T
Crnax (ng/mL) 0.456 + 0.068 0.625 + 0.115  ** 1.4 1
Xeoasn  (mg/kg BW) 0296 + 0.151 0350 + 0.122 1.2 1
CLg (mL/min/kg BW) 0.566 + 0.344 0.446 + 0.125 1.2 |
CPP-III
AUCooan  (hr*ng/mL) 0.833 + 0.205 1.4 + 04 * 16 T
Crnax (ng/mL) 0.054 + 0.01 0.072 + 0015 * 1.3 1
Xeoasn  (mg/kg BW) 0.821 + 0.516 0990 + 0374 1.3 1
CLg (mL/min/kg BW) 16.6 + 9.8 126 + 58 1.2 |
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Table 2 footnote: Description of the clinical trial is available in the Supplementary data (Online Resource). A two-
tailed paired Student’s t-test was applied to evaluate the effect of probenecid. AUCo.24n : area under the plasma
concentrations-time curve, Cmax : maximal plasma concentration, Xeo.2an : amount eliminated in urine, CL; : renal
clearance and GMR : geometric mean ratio. GMR is back-transformed from log scale of the ratio of pharmacokinetic
parameter with probenecid over without probenecid (when the ratio is increasing) * p<0.05, ** p< 0.01, ***p< 0.001,

when the parameter was compared to without probenecid

4 Discussion

Validated endogenous biomarkers of transporter activity could become an essential tool in early clinical
assessment of transporter-mediated DDI. In this study we performed a comprehensive characterization of
four endogenous biomarkers on validated in vitro systems. The selectivity was studied towards the renal
OATs (OAT1/2/3/4), OCT2 and for the first time the efflux transporters MRP2/4. Finally, the in vivo
translatability was assessed by testing the sensitivity of the four biomarkers both on plasma and urine levels
to probenecid 500mg QID in 6 subjects. This probenecid dosing regimen enabled to reach more potent
OAT inhibition than in previous studies, in which a single dose of probenecid was studied, resulting in, at
least, a 1.4- to 1.8-fold lower plasma probenecid exposure compared with the current study. Power
calculation to inform the design of prospective studies with PDA as endogenous biomarker confirmed the
suitability of small number of subjects when investigating strong OAT1/3 inhibitors (such as probenecid)
under current multiple dosage regimen design, whereas the requirements for evaluation of moderate-weak

inhibitors differ [21].

Based on the in vitro assays, PDA and HVA were found to be substrates of the three OATs (OAT1/2/3)
renal uptake transporters. Additional putative contributors to the transport of these substrates included:
OAT4 (PDA only) and MRP4 (PDA and HVA). Only the uptake transporter OAT3 and the efflux
transporter MRP2 were involved in the GCDCA-S Kinetics, therefore making GCDCA-S a more selective
biomarker of renal OAT3/MRP2 transporters compared to PDA and HVA. In this study, taurine was not a
substrate of any of the transporters tested, including in cells stably expressing OAT1 and OAT3, which is

in line with previous observations in similar in vitro system [16]. Tsuruya et al. (2016) identified taurine as
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an OAT1 substrate on stable cell lines overexpressing OAT1, in which OAT1 level seem higher than in
transient cell lines. Our results on the involvement of OATSs in the transport of the four endogenous
biomarkers are overall confirmatory of previous reports [14, 16]. The uptake ratios for GCDCA-S towards
OAT4 (0.9 in our study, 1.6 in Tsuruya et al. [16]) were both below the threshold of 2 established by the
US FDA, which therefore does not classify GCDCA-S an OAT4 substrate. However, we reported PDA as
an OAT2 and OAT4 substrate with uptake ratios above 2, in contrast to the findings of Shen et al. (2017),
which could be explained by a difference in the transporter expression levels in the cells line system used
between the studies.

Comparison of in vitro transporter inhibition potencies of probenecid with measured plasma concentration
of probenecid after 500mg QID enables identification of the likely mediators of observed clinical
interaction with endogenous biomarkers. Considering a probenecid fu, of 0.10 for a mean Ciough probenecid
plasma concentration at 24h of 294 uM [22], free plasma probenecid concentration circulated at, at least,
29 uM. Actual free plasma probenecid concentration is most likely higher since considerations are on Cyough
and probenecid fu, increases in a nonlinear manner with probenecid plasma concentration increase,
reaching a maximal fu, = 0.26 at 1051 uM [22]. In our study, circulating probenecid concentration exceeded
therefore the in vitro IC50 of OAT1 and OAT3. Thus potent in vivo inhibition of OAT1 and OAT3
transporters was ex