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ABSTRACT

As an expansion investigation of drug-drug interaction (DDI) from
previous clinical trials, additional plasma endogenous metabolites
were quantitated in the same subjects to further identify the poten-
tial biomarkers of organic anion transporter (OAT) 1/3 inhibition. In
the single dose, open label, three-phase with fixed order of treat-
ments study, 14 healthy human volunteers orally received 1000 mg
probenecid alone, or 40 mg furosemide alone, or 40 mg furosemide
at 1 hour after receiving 1000 mg probenecid on days 1, 8, and 15,
respectively. Endogenous metabolites including kynurenic acid,
xanthurenic acid, indo-3-acetic acid, pantothenic acid, p-cresol sul-
fate, and bile acids in the plasma were measured by liquid chroma-
tography–tandem mass spectrometry. The Cmax of kynurenic acids
was significantly increased about 3.3- and 3.7-fold over the base-
line values at predose followed by the treatment of probenecid
alone or in combination with furosemide respectively. In compari-
son with the furosemide-alone group, the Cmax and area under the
plasma concentration–time curve (AUC) up to 12 hours of kynur-
enic acid were significantly increased about 2.4- and 2.5-fold by
probenecid alone, and 2.7- and 2.9-fold by probenecid plus furose-
mide, respectively. The increases in Cmax and AUC of plasma

kynurenic acid by probenecid are comparable to the increases of
furosemide Cmax and AUC reported previously. Additionally, the
plasma concentrations of xanthurenic acid, indo-3-acetic acid,
pantothenic acid, and p-cresol sulfate, but not bile acids, were also
significantly elevated by probenecid treatments. The magnitude of
effect size analysis for known potential endogenous biomarkers
demonstrated that kynurenic acid in the plasma offers promise as
a superior addition for early DDI assessment involving OAT1/3
inhibition.

SIGNIFICANCE STATEMENT

This article reports that probenecid, an organic anion transporter
(OAT) 1 and OAT3 inhibitor, significantly increased the plasma con-
centrations of kynurenic acid and several uremic acids in human
subjects. Of those, the increases of plasma kynurenic acid expo-
sure are comparable to the increases of furosemide by OAT1/3 inhi-
bition. Effect size analysis for known potential endogenous
biomarkers revealed that plasma kynurenic acid is a superior addi-
tion for early drug-drug interaction assessment involving OAT1/3
inhibition.

Introduction

The kidneys are specialized organs to remove undesirable substances
from the body, and renal elimination is the most common route for
many exogenous and endogenous compounds. The processes consist of
glomerular filtration, tubular secretion, and reabsorption. Although gen-
erally glomerular filtration is a passive process, tubular secretion, and in
some cases renal reabsorption, are active processes that are accomplished
by a variety of renal transporters located on the basolateral and apical
membranes of the renal tubular epithelial cells. Renal transporters that
are involved in active renal tubular secretion or reabsorption can be dis-
rupted by inhibitor drugs, leading to clinically significant changes of
plasma and/or kidney exposure of victim drugs (Morrissey et al., 2013;

Nigam et al., 2015; Ivanyuk et al., 2017). Recently it has become clear
that renal transporters play important roles in drug clearance and can be
the major determinants of drug exposure in the kidney and plasma. To
elucidate the impact of transporter functions on the variations of pharma-
cokinetics and/or pharmacodynamics of a drug, characterizing the role of
renal transporters in the drug disposition and elimination is required by
regulatory agencies for new molecular entities to understand the potential
drug-drug interactions (DDIs). The US Food and Drug Administration
recently published the guides to investigate the clinical DDIs for renally
cleared drugs (US Food and Drug Administration, 2020).
Renal transporters on proximal tubular cells work in concert to elimi-

nate exogenous and endogenous substrates from the systemic circulation.
The basolateral transporters that take up drugs from blood into proximal
tubular cells include organic anion transporter (OAT) and organic cation
transporter (OCT) subfamilies. Subsequently the apical transporters such
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as multidrug and toxin extrusion proteins (MATEs) and ATP-binding
cassette transporters can excrete these substrates from the tubular cells
into the urine. The basolateral uptake processes often act as the rate-
determining step in renal tubular secretion of anionic compounds (Wata-
nabe et al., 2011; Mathialagan et al., 2017). The uptake of positively
charged organic cations is mostly mediated by OCT2. For many nega-
tively charged organic substances, the basolateral uptake is mainly attrib-
uted by OAT1 and OAT3, and to a minor extent also OAT2 (Sekine et
al., 2006). OAT1 and OAT3 share substrate specificities with some
exceptions. For example, both OAT1 and OAT3 can transport cyclic
nucleotides, corticosteroids, and prostaglandins (Cha et al., 2001; Ahn
and Bhatnagar, 2008), whereas OAT3 has a preference of more bulky
and lipophilic organic anionic substrates such as glucuronide conjugates
(Srimaroeng et al., 2008). Inhibition of OAT1 and OAT3 can reduce the
renal clearance of drugs that are eliminated from renal tubular excretion,
resulting in increase of plasma exposure (Ivanyuk et al., 2017). It is
exemplified that probenecid can reduce the basolateral tubular uptake of
cidofovir and protect against cidofovir-induced nephrotoxicity, via the
inhibition of OAT1 and OAT3 activities (Yin and Wang, 2016). In addi-
tion, in the second third of the twentieth century, probenecid was used to
prolong the half-life and reduce the dose of expensive penicillin (Gibaldi
and Schwartz, 1968). We now know that OAT1 and OAT3 inhibition
can result in increases of plasma exposure for a number of widely pre-
scribed anionic drugs such as furosemide, famotidine, and ciprofloxacin
(Inotsume et al., 1990; Jaehde et al., 1995; Vree et al., 1995).
To assess the potential risk of renal transporter DDIs, in vitro testing

is recommended by regulatory agencies for all drugs whose tubular
secretion constitutes at least 25% of the total clearance. A clinical DDI
study with a known inhibitor of these transporters is warranted accord-
ing to the decision trees in the regulatory guidance (US Food and Drug
Administration, 2020). Probenecid is recommended as a clinically rele-
vant inhibitor for OATs. As a general practice, these expensive clinical
DDI trials are determined by a static mathematical approach that is con-
servative by design with a high false positive rate in prediction. Thus,
identifying a circulating endogenous biomarker to aid the DDI assess-
ment in phase I clinical trials becomes an attractive and cost-effective
means of assessing transporter-mediated DDI potential (Chu et al.,
2018; Mariappan et al., 2017; Rodrigues et al., 2018; M€uller et al.,
2018). In fact, the latest US Food and Drug Administration Guidance
for Industry on Drug-Drug Interaction Studies suggests that serum/
plasma creatinine levels can be an early index of OCT2 and MATE1/
2K inhibition by the investigational drugs (US Food and Drug Adminis-
tration, 2020).
One of the major functions of the kidney is to filter and excrete

water-soluble metabolites yielded from many metabolic processes. Kid-
ney failure causes accumulation of uremic toxins including creatinine,
cresol sulfate, hippurate, indole acetate, and indoxyl sulfate. OAT1 and
3 transporters are responsible for tubular uptake of the uremic toxins
from blood (El-Sheikh et al., 2008). Through metabolomics analysis,
we previously reported that plasma pyridoxic acid (PDA) and homova-
nillic acid (HVA) and another 27 metabolites can be potential markers
of OAT1/3 inhibition in monkeys (Shen et al., 2018). A follow-up clini-
cal study showed that PDA is a promising plasma-based marker of
OAT1 and 3 inhibition in humans (Shen et al., 2019). However, as
PDA is the primary catabolic product of vitamin B6, the plasma expo-
sure of PDA can be varied by the intake of supplements containing vita-
min B6 during the study. Hence, the aim of this follow-up investigation
was to further analyze the human plasma samples from the same sub-
jects of clinical furosemide-probenecid DDI studies to assess if these
endogenous uremic toxins and bile acids can be potential biomarkers of
OAT1 and OAT3 inhibition.

Methods and Materials

Probenecid (Bencid, 500 mg tablets) and Furosemide (Lasix, 40 mg
tablets) were obtained from Geno Pharmaceuticals Limited (Goa, India)
and Sanofi India Limited, respectively. Kynurenic acid, xanthurenic
acid, pantothenic acid, indo-3-acetic acid, bile acids, and Labetalol were
purchased from Sigma Aldrich. p-Cresol sulfate was purchased from
Apexbio Technology (Houston, TX). GS-A, a small molecule used for an
internal standard in the bioanalytical analysis, was synthesized by chem-
ists at Gilead. All other reagents and solvents used for liquid chromatog-
raphy–tandem mass spectrometry (LC-MS/MS) were of high-
performance liquid chromatography grade, unless specified, and were
purchased from Sigma-Aldrich Corporation (Bangalore, India, and St.
Louis, MO).
Clinical Study. As disclosed previously, the trial was an open-label,

three-treatment, three-period, single dose crossover clinical study. The
study protocol and the informed consent were reviewed and approved by
an independent ethics committee. The study met the Syngene Clinical
Development standard operating procedures, International Council for
Harmonization “Guidance on Good Clinical Practice” (https://www.ich.
org/page/efficacy-guidelines), Declaration of Helsinki (https://www.
wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-
medical-research-involving-human-subjects/), Central Drugs Standard
Control Organization guidelines (http://www.cdsco.nic.in/writereaddata/
cdsco-guidanceforindustry.pdf), Indian Council of Medical Research
guidelines (https://ethics.ncdirindia.org/ICMR_Ethical_Guidelines.aspx),
and other applicable regulatory requirements. The clinical part of the
study was conducted at one clinical site at Human Pharmacology Unit,
Syngene International Limited Clinical Development, Electronics City,
Bangalore, India. Fourteen healthy, male, Indian, adult subjects aged
between 18 and 45 years were enrolled, and written informed consent
for participation was obtained from the subjects prior to initiation of
study procedures. No clinically relevant conditions were identified from
the medical history, physical examination, electrocardiography, or chest
X-ray. Any clinically relevant laboratory abnormalities in clinical chem-
istry tests including hepatic and renal biochemistry, hematology tests, or
urinalysis were criteria for exclusion. Subjects were asked to not take
supplements containing vitamin B6 during the study.
The trial consisted of three periods separated by a 7-day washout

period between phases, and the healthy volunteers were housed in the
clinical facility 36 hours prior to dosing in phase 1. Volunteers orally
received probenecid (1000 mg), furosemide (40 mg), and probenecid
(1000 mg) plus furosemide (40 mg) with 240 ml of water in phase 1, 2,
and 3, respectively. In phase 3, probenecid was dosed 1 hour prior to
furosemide administration. Blood samples were collected into tubes
containing dipotassium EDTA anticoagulant and centrifuged (2600g at
4�C for 10 minutes) at predose and postdose at 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 4.0, 6.0, 8.0, 12.0, and 24.0 hours for each phase. In period 3, post-
dose time points started after furosemide administration. Subjects were
housed in the clinical facility 36 hours prior to dosing in phase 1 (pro-
benecid alone). Safety and tolerability were assessed by clinical evalua-
tions during the study. Plasma was separated into two aliquots that were
stored at �70 ± 10�C until analysis.
Quantification of Kynurenic Acid, Xanthurenic Acid, Panto-

thenic Acid, p-Cresol Sulfate, Indole-3-Acetic Acid, and Bile
Acids by LC-MS/MS. Stock solutions (10 mM) of test compounds
and internal standards were prepared in DMSO (EMD Millipore Corpo-
ration, Burlington, MA). Further dilutions were prepared in 50% aceto-
nitrile in water as needed. Plasma calibration standards were prepared
in 4× charcoal stripped pooled human plasma with dipotassium EDTA
(BioIVT, Westbury, NY) to obtain 13-point standard curves at concen-
trations ranging from 1 to 50,000 nM. Similarly, quality control (QC)
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samples were prepared in plasma at three levels: 20 nM (low QC), 200
nM or 1000 nM (middle QC), 2500 nM or 10,000 nM (high QC),
respectively.
Sample extractions were conducted in 96-well plates using protein

precipitation with acetonitrile. In brief, 50 ml of study/standard/QC
plasma samples were mixed with 200 ml ice-cold acetonitrile containing
200 nM of Labetalol or GS-A in 96-well plates (Greiner Bio-One,
Frickenhausen, Germany). Samples were vortex-mixed and centrifuged
at 4�C, 3700 rpm for 15 minutes. An aliquot of 100 ml of the superna-
tant from each well was transferred to a clean 96-well plate and diluted
with 200 ml of water. An aliquot of 10 ml was injected to the LC-MS/
MS system for analysis.
A CTC PAL autosampler was used as part of a Cohesive (Thermo

Scientific, San Jose, CA) LX-2 multiplexed system, and a Dionex Ulti-
Mate 3000 UHPLC RS pump was used for elution and separation.
Chromatographic separation was achieved by gradient elution on an
Acquity C18 BEH, 1.7 mm, 2.1 × 100 mm column (Waters Corporation,
Milford, MA) maintained at room temperature. The mobile phase was a
mixture of 0.1% formic acid in water (A) and 0.1% formic acid in ace-
tonitrile (B).
Mass spectrometric detection were performed on an AB Sciex 5500

QTRAP (Applied Biosystems, Foster City, CA) equipped with an elec-
trospray ionization source. The detection of p-cresol sulfate, indo-3-ace-
tic acid, and bile acids was operated in negative ion mode and multiple
reaction monitoring (MRM) transitions in the mass spectrometer,
whereas positive ion mode was used for the detection of kynurenic
acid, xanthurenic acid, and pantothenic acid. The mass spectrometer set-
tings were as follows: ion spray voltage: 4.5 kV (negative mode) and
5.5 kV (positive mode); temperature: 550�C; MRM transitions and col-
lision energy are listed in Table 1 for all the analytes. All peak integra-
tion and data processing were performed using Analyst version 1.6.2.
(Applied Biosystems). Concentrations of kynurenic acid, xanthurenic
acid, pantothenic acid, cresol sulfate, indo-3-acetic acid, and bile acids
in study samples were determined from the weighted (1/x) linear cali-
bration curve obtained by plotting area ratios (analyte-to-internal stan-
dard signal) against known concentrations of analyte in calibration
standards.
Data Analysis. The pharmacokinetics was analyzed by the noncom-

partmental analysis in Phoenix WinNonlin software (version 8.2, Cer-
tara USA, Inc., Princeton, NJ). The peak concentration (Cmax) values
were recorded directly from experimental observations. The area under
the plasma concentration–time curve (AUC0–t) was calculated using the
mixed log-linear trapezoidal rule up to 12 hours and the last detectable
concentration measured (24 hours) (AUC0–12 and AUC0–24). The rela-
tive magnitude of treatment effects of different biomarkers was ranked
by standardized effect size (d) by calculating the mean difference of

AUC0–12 between the furosemide group and the mean of the probenecid
or probenecid plus furosemide groups, and then dividing the result by
the pooled standard deviation (eq. 1):

d ¼ ðM1�M2Þ
SDpooled

SDpooled ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSD12 � SD22Þ

q

2
(1)

where M1 and SD1 are the mean of AUC0–12 and S.D. of probenecid
or probenecid plus furosemide groups and M2 and SD2 are the mean
and S.D. of furosemide treatment.
Statistical differences between treatments were determined using a
paired two-tailed Student’s t test. (GraphPad Prism version 7; GraphPad
Software, Inc.; San Diego, CA). A P < 0.05 was set as statistically
significant.

Results

Drug-Drug Interaction of Probenecid and Furosemide. A total
of 14 healthy volunteers were enrolled in this study, and all subjects
completed three phases of the study. As reported previously (Shen et
al., 2019), the Cmax of probenecid in plasma was 436 ± 157 and 325 ±
41.0 mM in phase 1 (probenecid alone) and phase 3 (probenecid plus
furosemide), respectively. The plasma-free concentration-time profiles
of probenecid were replotted from the concentration-time profiles that
are reported previously (Shen et al., 2019), normalized by the unbound
fraction value of probenecid. As shown in Fig. 1A, plasma-free concen-
trations of probenecid were above the IC50 values of OAT1 and OAT3
for 12 hours (based on the highest reported IC50 value) or 24 hours
(based on the reported geometric mean IC50 value) (Shen et al., 2018).
As a result, plasma concentrations of furosemide were significantly
increased (Shen et al., 2019), confirming the inhibition of OAT1 and 3
functional activities in human.
Changes in Plasma Concentrations of Kynurenic Acid, Xan-

thurenic Acid, Pantothenic Acid, p-Cresol Sulfate, and Indole-3-
Acetic Acid by the Treatment of Probenecid Alone or Probene-
cid Plus Furosemide. The plasma concentrations of kynurenic acid,
xanthurenic acid, pantothenic acid, p-cresol sulfate, and indole-3-acetic
acid were determined before or after receiving probenecid. As shown in
Fig. 1B, probenecid alone and in combination with furosemide signifi-
cantly increased plasma concentrations of kynurenic acid. Although
both AUC0–24 and AUC0–12 of kynurenic acid and other tested uremic
acids were significantly increased by probenecid (Table 2), the plasma-
free concentration of probenecid was greater than the IC50 values of
OAT1 and OAT3 inhibition for about 12 hours when the highest IC50

TABLE 1

MRM transitions and collision energy

Analyte Compound identifier Q1 mass (m/z) Q3 mass (m/z) Collision energy (V)

Test compound Kynurenic acid 190.1 144 26
Test compound Xanthurenic acid 206 160 26
Test compound Pantothenic acid 220.1 90 20
Test compound p-Cresol sulfate 187 107 �28
Test compound Indole-3-acetic acid 174 130 �20
Test compound TCDCA 498.3 79.9 �95
Test compound GDCA 448.3 74 �76
Test compound TDCA 498.3 79.9 �76
Test compound GCDCA 448.3 74 �76
Test compound DCA 391.2 345.4 �46
Internal standard Labetalol 329.1 294 27
Internal standard Labetalol 327 309.1 �25
Internal standard GS-A 431.1 172 �44

Tang et al. 1065
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values reported are used (Fig. 1A). Therefore, the use of AUC0–12 val-
ues is thought to be more appropriate for comparison. Accordingly, the
AUC0–12 of kynurenic acid was increased about 2.5- or 2.9-fold by pro-
benecid or probenecid plus furosemide, respectively, compared with the
treatment of furosemide alone. To determine if the increase of plasma
exposure of kynurenic acid is associated with the reduction of renal
clearance, the concentrations of kynurenic acid in the urine samples
were determined. As shown in Supplemental Fig. 1, the renal clearance
of kynurenic acid in the subjects received probenecid plus furosemide
(phase 3) and furosemide alone (phase 2) were 5.4 ± 1.56 and 10.4 ±
3.02 L/h (mean ± S.D.). The renal clearance of kynurenic acid was
reduced about 2-fold by the treatment of probenecid, which confirmed
the inhibition of probenecid on the renal excretion of kynurenic acid.
A greater than 2-fold AUC0–12 increase was also observed in plasma

levels of p-cresol sulfate (Fig. 2A) and indole-3-acetic acid (Fig. 2B),
after the treatment of probenecid alone or probenecid plus furosemide.
The increase of the AUC0–12 by probenecid was small but statistically
significant for xanthurenic acid (1.4-fold) (Fig. 2C) and pantothenic
acid (1.2-fold) (Fig. 2D) (Table 2). Similar results were obtained by the
treatment of probenecid plus furosemide (Fig. 2; Table 2).
Effect of Probenecid Alone or Probenecid Plus Furosemide on

Plasma Concentration of Bile Acids. To elucidate the effect of
administration of probenecid alone or the coadministration with furose-
mide on plasma bile acid levels, nonconjugated and glycine- or taurine-
conjugated bile acids in the plasma including deoxycholic acid (DCA),
taurochenodeoxycholic acid (TCDCA), glycochenodeoxycholic acid
(GCDCA), glycodeoxycholic acid (GDCA), and taurodeoxycholic acid
(TDCA) were also monitored. Plasma bile acid levels in all treatment
groups tended to decline after the administrations up to 4 hours and
then elevate after a meal and onwards (Fig. 3). Administration of either
probenecid alone or coadministration with furosemide did not signifi-
cantly alter plasma concentrations of the tested bile acids compared
with the predose levels or levels observed in the treatment of furose-
mide alone (Fig. 3).
The Standardized Effect Size of Known OAT Inhibition Bio-

markers. To select the most sensitive biomarker to predict OAT inhibi-
tion DDI, the magnitude of effect size was estimated from the
significant changes from the untreated values normalized by the interin-
dividual variation for known potential endogenous biomarkers, includ-
ing those previously reported in literature. Although the AUC0–24

showed comparable changes, the effect size of AUC0–12 was slightly
bigger than that of AUC0–24 (data not shown). Therefore, the changes
of AUC0–12 values were included in the effect size analysis. As shown
in Fig. 4, the standardized effect size of kynurenic acid was about 3-
fold higher than xanthurenic and other markers, including HVA, PDA,
and 6b-hydroxycortisol that were reported previously (Imamura et al.,
2014; Shen et al., 2019). Since the effect size is a quantitative measure
of the magnitude of the experimental effect, the largest effect size attrib-
uted by kynurenic acid represents the strongest relationship between
kynurenic acid exposure and probenecid inhibition. As a result, changes
of kynurenic acid AUC0–12 offer promise as a superior addition for
early prediction of DDIs associated with OAT1/3 inhibition.

Discussion

To eliminate unpredictable clinical effects, characterization of DDIs
with coadministered drugs is an important task for the development of
safe drugs for complex diseases that are often treated by multidrug regi-
mens. Conducting clinical DDI studies with investigational new drugs
can be time-consuming and expensive and can sometimes cause ethical
concerns. Plasma levels of endogenous or nutrient-derived metabolites
that can reflect the inhibition of drug metabolizing enzymes or drug
transporters in vivo are advantageous for early assessment of DDI
potentials in conjunction with the first-in-human tolerability and safety
trials without the need to administer probe drugs to healthy volunteers
(Imamura et al., 2011; Chu et al., 2018). For example, Tsuruya et al.
(2016) reported that probenecid can significantly reduce the urinary
excretion of taurine and glycochenodeoxycholate sulfate in a dose-
dependent manner. Imamura et al. (2014) observed that the plasma
exposure of endogenous 6b-hydroxycortisol, an OAT3 substrate, is
increased about 2-fold in AUC by probenecid treatment. Most recently,
a clinical DDI trial was conducted to confirm that administration of pro-
benecid significantly caused the AUC increase of plasma PDA and
HVA (up to 3.2- and 2.1-fold, respectively) (Shen et al., 2019). The
AUC increase of PDA is similar to furosemide AUC changes, demon-
strating that PDA can be a clinical plasma-based biomarker for DDIs
involving OAT1/3 inhibition (Shen et al., 2019). Collectively, DDIs
involving OAT inhibition in humans can potentially be assessed by
monitoring the plasma concentration of PDA and 6b-hydroxycortisol
(Imamura et al., 2014) or renal clearance of taurine and

Fig. 1. The mean plasma concentration–time profiles of unbound probenecid (A) and kynurenic acid (B) after oral administration of probenecid alone (phase 1, open
circles), furosemide alone (phase 2, open square) and the coadministration of probenecid plus furosemide (phase 3, open diamonds). The plasma-free concentration-
time profiles of probenecid were replotted from the concentration-time profiles that were reported previously (Shen et al., 2019), normalized by the unbound fraction
value of probenecid (20%, the midpoint of 75–95% reported) (https://go.drugbank.com/drugs/DB01032). The data are expressed as means ± S.D. of 14 healthy volun-
teers. The dotted lines and hard lines in (A) represent the reported IC50 boundaries of OAT1 and OAT3, respectively (Shen et al., 2018). Each OAT inhibition IC50

value is depicted twice: one is the geomean of the IC50 values and the other is the highest IC50 value reported in literature.
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glycochenodeoxycholate-3-sulfate (GCDCA-S) (Tsuruya et al., 2016).
Nevertheless, there are concerns regarding the sensitivity and specificity
of these OAT1 and 3 inhibition biomarkers. For example, GCDCA-S is
also a substrate of organic anion transporting polypeptide (OATP) 1B,
and the treatment of a single dose of rifampicin, a prototypic OATP1B
inhibitor, caused a greater than 20-fold increase of GCDCA-S AUC
(Takehara et al., 2018). Additionally, 6b-hydroxycortisol is also a sub-
strate for MATE1 and MATE2k, and its exposure is complicated by
cytochrome P450 3A4 inhibition and induction (Imamura et al., 2013;
Imamura et al., 2014). Although PDA is relatively specific for OAT1/3
and the increases of PDA levels by probenecid treatments are more pro-
nounced than HVA (Shen et al., 2018), the plasma PDA concentration
can be affected by diet intake of vitamin B6 and metabolic interconver-
sion (Shen et al., 2018). As such, continuous efforts are justified for bet-
ter DDI biomarkers of OAT1/3 inhibition.
Previously we reported that increased plasma concentrations of 29

metabolites including PDA, HVA, and several uremic acids were
detected in the plasma of monkeys receiving probenecid by untargeted
metabolomics analysis (Shen et al., 2018). Similar changes of indoxyl
sulfate, kynurenine, and xanthurenic acid were observed in the plasma
of Oat1-gene knockout mice (Wikoff et al., 2011). These results sug-
gested that plasma exposure of these uremic acids and metabolites may
be associated with in vivo OAT functional actives. Therefore, the cur-
rent investigation reanalyzed the plasma samples from the human trials
of probenecid-furosemide DDIs for additional OAT inhibition bio-
markers. As shown in Table 2, the changes of Cmax over the baseline
concentrations or the AUC0–12 values with and without probenecid
treatments demonstrated the potential use of kynurenic acid as a DDI
biomarker of OAT inhibition. It is worth noting that the use of AUC0–12

values is thought to be more appropriate, as the plasma-free concentra-
tion of probenecid was greater than the IC50 values of OAT1 and
OAT3 inhibition for about 12 hours when the highest IC50 values
reported are used (Fig. 1A).
To date, several endogenous metabolites including PDA and HVA

(Shen et al., 2019), 6b-hydroxycortisol (Imamura et al., 2014), and tau-
rine and GCDCA-S (Tsuruya et al., 2016) have been identified as
potential DDI biomarkers to inform OAT1 and/or OAT3 inhibition.
Although the above biomarkers, including the current additions, show
statistically significant differences with the fold changes that are
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Fig. 2. The mean plasma concentration–time profiles of p-cresol sulfate (A),
indole-3-acetic acid (B), xanthurenic acid (C), and pantothenic acid (D) after oral
administration of probenecid alone (phase 1, open circles), furosemide alone
(phase 2, open square), and the coadministration of probenecid plus furosemide
(phase 3, open diamonds). The data are expressed as means ± S.D. of 14 healthy
volunteers.
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comparable to those in the interacting drugs, statistical significance test-
ing does not reflect the magnitude of the changes or the strength associ-
ated with the OAT1 and 3 inhibition. Effect size is a quantitative
measurement of the magnitude of the experimental effect. The larger
the effect size observed, the stronger the relationship between two varia-
bles. Based on the magnitude of effect size estimated from the signifi-
cant changes of the probenecid untreated group normalized by the
interindividual variation for known potential endogenous biomarkers,
kynurenic acid appeared to be a promising superior addition for early
prediction of DDIs associated with OAT1 and 3 inhibition.
Tryptophan is an essential amino acid and acts as a precursor to

redox cofactor NAD1 and many biologically active compounds, which
play important roles in neuronal and immune function. Tryptophan is
enzymatically converted to kynurenine and triggers the kynurenine met-
abolic pathway. Xanthurenic and kynurenic acid are the key intermedi-
ates formed in the tryptophan catabolic pathway and are endogenously

produced by several types of cells and tissues (Walczak et al., 2020).
Kynurenic acid is a substrate for both human OAT1 and OAT3
(Supplemental Fig. 2), with estimated Km values of 5.06 and 4.86 mM,
respectively (Uwai et al., 2012). Indole-3-acetic acid is a breakdown
product by tryptamine deamination associated minor pathways of tryp-
tophan degradation to maintain host-microbe homeostasis (Zhang and
Davies, 2016; Anesi et al., 2019). Indole-3-acetic acid is also known as
a naturally occurring auxin controlling many important physiologic pro-
cesses of plants including cell enlargement and division, tissue differen-
tiation, and responses to light and gravity. p-Cresol sulfate, a main
circulating uremic toxin, is a sulfate conjugate metabolite of p-cresol
that is biosynthesized from dietary tyrosine and phenylalanine by sulfo-
transferase in the gut (Cao et al., 2000). It is highly protein bound and
often elevated in the urine of individuals with progressive multiple scle-
rosis (Cao et al., 2000). The uptake of p-cresol sulfate in human proxi-
mal tubule cells and rat renal cortical slices is saturable and inhibited by
probenecid and other OAT inhibitors (Miyamoto et al., 2011). The data
suggest that OAT transporters, preferentially OAT3, play a key role in
active renal tubular excretion of p-cresol sulfate (Miyamoto et al.,
2011). Pantothenic acid, also called vitamin B5, is one of the important
water-soluble vitamins for the synthesis of CoA and acyl carrier protein,
which is essential for fatty acid metabolism and synthesis. Furthermore,
recent research suggests that OAT transporter-centered pathways
involve essential metabolites including the tricarboxylic acid cycle and
tryptophan metabolites, vitamins, and signaling molecules (Liu et al.,
2016). The functional activities of OATs can regulate the plasma levels
of these metabolites. In other words, the plasma level of the metabolites
can reflect the OAT functional activities. On the other hand, multiple
transporters that are expressed both in the kidney and liver can be
involved in the elimination of these endogenous metabolites including
kynurenic acid. Inhibition of these transporters can have a greater
impact on the plasma exposure of these endogenous metabolites (Niemi

Fig. 3. The mean plasma concentration–time profiles of DCA (A), TCDCA (B), GCDCA (C) GDCA (D), and TDCA (E) after oral administration of probenecid alone
(phase 1, open circles), furosemide alone (phase 2, open square), and the coadministration of probenecid plus furosemide (phase 3, open diamonds). The data are
expressed as means ± S.D. of 14 healthy volunteers.

Fig. 4. Standardized effect size of known potential OAT inhibition biomarkers.
The magnitude of effect size was estimated from the significant changes from the
untreated values normalized by the interindividual variation of potential plasma
endogenous biomarkers 6b-hydroxycortisol (Imamura et al., 2014) (1, study 1; 2,
study 2), HVA, and PDA (Shen et al., 2019). The effect size showed is the mean
value of the effect size between probenecid alone and furosemide alone and the
effect size between probenecid plus furosemide and furosemide alone.
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et al., 2003). The transporters that are involved in the transport of ure-
mic acids or the metabolites found in the metabolic networks are not
fully understood. For example, it has been reported that kynurenic acid
is reportedly also a substrate for both the OATP1B1 and OATP1B3,
whereas the transport of indoxyl sulfate involves OATP1B3 (Sato et al.,
2014). Probenecid can increase the plasma exposure of OATP inhibition
biomarker coproporphyrin I (Zhang et al., 2020), likely due to the inhi-
bition of the multi-drug resistance protein 2 on the canalicular mem-
brane (Davenport et al., 2015). In addition, diet intake or the gut
microbe can potentially impact the plasma levels of nutrient metabolites,
e.g., vitamin B5 and B6 (Liu et al., 2016). As such, although these small
acids are not likely eliminated from the liver, further investigation is
warranted in understanding the specificity and predictive values of the
biomarkers involving OAT transporter inhibition.
In summary, our results demonstrated that probenecid treatment sig-

nificantly increased the plasma exposure of several uremic acids. The
increases in Cmax and AUC of plasma kynurenic acid by probenecid are
comparable to the increases of furosemide Cmax and AUC reported pre-
viously. The magnitude of effect sizes for known potential endogenous
biomarkers demonstrated that the changes of kynurenic acid AUC0–12

offer promise as a superior addition for early prediction of DDIs associ-
ated with OAT1/3 inhibition.

Authorship Contributions
Participated in research design: Shen, Holenarsipur, Mariappan, Humphreys,

Lai
Conducted experiments: Tang, Zhao, Zhang, Panfen
Contributed new reagents or analytic tools: Tang, Zhao, Zheng
Performed data analysis: Tang, Shen, Zhao, Zheng, Lai
Wrote or contributed to the writing of the manuscript: Tang, Shen, Zhao, Pan-

fen, Zheng, Humphreys, Lai

References

Ahn SY and Bhatnagar V (2008) Update on the molecular physiology of organic anion transport-
ers. Curr Opin Nephrol Hypertens 17:499–505.

Anesi A, Rubert J, Oluwagbemigun K, Orozco-Ruiz X, N€othlings U, Breteler MMB, and Mattivi
F (2019) Metabolic profiling of human plasma and urine, targeting tryptophan, tyrosine and
branched chain amino acid pathways. Metabolites 9:261.

Cao L, Kirk MC, Coward LU, Jackson P, and Whitaker JN (2000) p-Cresol sulfate is the dominant
component of urinary myelin basic protein like material. Arch Biochem Biophys 377:9–21.

Cha SH, Sekine T, Fukushima JI, Kanai Y, Kobayashi Y, Goya T, and Endou H (2001) Identifica-
tion and characterization of human organic anion transporter 3 expressing predominantly in the
kidney. Mol Pharmacol 59:1277–1286.

Chu X, Liao M, Shen H, Yoshida K, Zur AA, Arya V, Galetin A, Giacomini KM, Hanna I,
Kusuhara H et al.; International Transporter Consortium (2018) Clinical probes and endoge-
nous biomarkers as substrates for transporter drug-drug interaction evaluation: perspectives from
the International Transporter Consortium. Clin Pharmacol Ther 104:836–864.

Davenport JM, Covington P, Bonifacio L, McIntyre G, and Venitz J (2015) Effect of uptake trans-
porters OAT3 and OATP1B1 and efflux transporter MRP2 on the pharmacokinetics of eluxado-
line. J Clin Pharmacol 55:534–542.

El-Sheikh AA, Masereeuw R, and Russel FG (2008) Mechanisms of renal anionic drug transport.
Eur J Pharmacol 585:245–255.

Gibaldi M and Schwartz MA (1968) Apparent effect of probenecid on the distribution of penicil-
lins in man. Clin Pharmacol Ther 9:345–349.

Imamura Y, Murayama N, Okudaira N, Kurihara A, Inoue K, Yuasa H, Izumi T, Kusuhara H, and
Sugiyama Y (2013) Effect of the fluoroquinolone antibacterial agent DX-619 on the apparent
formation and renal clearances of 6b-hydroxycortisol, an endogenous probe for CYP3A4 inhibi-
tion, in healthy subjects. Pharm Res 30:447–457.

Imamura Y, Murayama N, Okudaira N, Kurihara A, Okazaki O, Izumi T, Inoue K, Yuasa H,
Kusuhara H, and Sugiyama Y (2011) Prediction of fluoroquinolone-induced elevation in serum
creatinine levels: a case of drug-endogenous substance interaction involving the inhibition of
renal secretion. Clin Pharmacol Ther 89:81–88.

Imamura Y, Tsuruya Y, Damme K, Heer D, Kumagai Y, Maeda K, Murayama N, Okudaira N,
Kurihara A, Izumi T et al. (2014) 6b-Hydroxycortisol is an endogenous probe for evaluation of
drug-drug interactions involving a multispecific renal organic anion transporter, OAT3/
SLC22A8, in healthy subjects. Drug Metab Dispos 42:685–694.

Inotsume N, Nishimura M, Nakano M, Fujiyama S, and Sato T (1990) The inhibitory effect of pro-
benecid on renal excretion of famotidine in young, healthy volunteers. J Clin Pharmacol 30:50–56.

Ivanyuk A, Livio F, Biollaz J, and Buclin T (2017) Renal drug transporters and drug interactions.
Clin Pharmacokinet 56:825–892.

Jaehde U, S€orgel F, Reiter A, Sigl G, Naber KG, and Schunack W (1995) Effect of probenecid on
the distribution and elimination of ciprofloxacin in humans. Clin Pharmacol Ther 58:532–541.

Liu HC, Jamshidi N, Chen Y, Eraly SA, Cho SY, Bhatnagar V, Wu W, Bush KT, Abagyan R,
Palsson BO et al. (2016) An organic anion transporter 1 (OAT1)-centered metabolic network. J
Biol Chem 291:19474–19486.

Mariappan TT, Shen H, and Marathe P (2017) Endogenous biomarkers to assess drug-drug inter-
actions by drug transporters and enzymes. Curr Drug Metab 18:757–768.

Mathialagan S, Piotrowski MA, Tess DA, Feng B, Litchfield J, and Varma MV (2017) Quantitative pre-
diction of human renal clearance and drug-drug interactions of organic anion transporter substrates
using in vitro transport data: a relative activity factor approach. Drug Metab Dispos 45:409–417.

Miyamoto Y, Watanabe H, Noguchi T, Kotani S, Nakajima M, Kadowaki D, Otagiri M, and Mar-
uyama T (2011) Organic anion transporters play an important role in the uptake of p-cresyl sul-
fate, a uremic toxin, in the kidney. Nephrol Dial Transplant 26:2498–2502.

Morrissey KM, Stocker SL, Wittwer MB, Xu L, and Giacomini KM (2013) Renal transporters in
drug development. Annu Rev Pharmacol Toxicol 53:503–529.

M€uller F, Sharma A, K€onig J, and Fromm MF (2018) Biomarkers for in vivo assessment of trans-
porter function. Pharmacol Rev 70:246–277.

Niemi M, Backman JT, Neuvonen M, and Neuvonen PJ (2003) Effects of gemfibrozil, itraconazole,
and their combination on the pharmacokinetics and pharmacodynamics of repaglinide: potentially
hazardous interaction between gemfibrozil and repaglinide. Diabetologia 46:347–351.

Nigam SK, Wu W, Bush KT, Hoenig MP, Blantz RC, and Bhatnagar V (2015) Handling of drugs,
metabolites, and uremic toxins by kidney proximal tubule drug transporters. Clin J Am Soc
Nephrol 10:2039–2049.

Rodrigues AD, Taskar KS, Kusuhara H, and Sugiyama Y (2018) Endogenous probes for drug
transporters: Balancing vision with reality. Clin Pharmacol Ther 103:434–448.

Sato T, Yamaguchi H, Kogawa T, Abe T, and Mano N (2014) Organic anion transporting poly-
peptides 1B1 and 1B3 play an important role in uremic toxin handling and drug-uremic toxin
interactions in the liver. J Pharm Pharm Sci 17:475–484.

Sekine T, Miyazaki H, and Endou H (2006) Molecular physiology of renal organic anion trans-
porters. Am J Physiol Renal Physiol 290:F251–F261.

Shen H, Holenarsipur VK, Mariappan TT, Drexler DM, Cantone JL, Rajanna P, Singh Gautam S,
Zhang Y, Gan J, Shipkova PA et al. (2019) Evidence for the validity of pyridoxic acid (PDA)
as a plasma-based endogenous probe for OAT1 and OAT3 function in healthy subjects. J Phar-
macol Exp Ther 368:136–145.

Shen H, Nelson DM, Oliveira RV, Zhang Y, Mcnaney CA, Gu X, Chen W, Su C, Reily MD,
Shipkova PA et al. (2018) Discovery and validation of pyridoxic acid and homovanillic acid as
novel endogenous plasma biomarkers of organic anion transporter (OAT) 1 and OAT3 in cyno-
molgus monkeys. Drug Metab Dispos 46:178–188.

Srimaroeng C, Perry JL, and Pritchard JB (2008) Physiology, structure, and regulation of the
cloned organic anion transporters. Xenobiotica 38:889–935.

Takehara I, Yoshikado T, Ishigame K, Mori D, Furihata K-I, Watanabe N, Ando O, Maeda K,
Sugiyama Y, and Kusuhara H (2018) Comparative Study of the Dose-Dependence of OATP1B
Inhibition by Rifampicin Using Probe Drugs and Endogenous Substrates in Healthy Volunteers.
Pharm Res 35:138

Tsuruya Y, Kato K, Sano Y, Imamura Y, Maeda K, Kumagai Y, Sugiyama Y, and Kusuhara H
(2016) Investigation of endogenous compounds applicable to drug-drug interaction studies
involving the renal organic anion transporters, OAT1 and OAT3, in humans. Drug Metab Dis-
pos 44:1925–1933.

US Food and Drug Administration. (2020) In Vitro Drug Interaction Studies—Cytochrome P450
Enzyme- and Transporter-Mediated Drug Interactions. Guidance for Industry. Center for Drug
Evaluation and Research, US Food and Drug Administration, Silver Spring, MD. https://www.
fda.gov/media/134582/download.

Uwai Y, Honjo H, and Iwamoto K (2012) Interaction and transport of kynurenic acid via human
organic anion transporters hOAT1 and hOAT3. Pharmacol Res 65:254–260.

Vree TB, van den Biggelaar-Martea M, and Verwey-van Wissen CP (1995) Probenecid inhibits
the renal clearance of frusemide and its acyl glucuronide. Br J Clin Pharmacol 39:692–695.

Walczak K, Wnorowski A, Turski WA, and Plech T (2020) Kynurenic acid and cancer: facts and
controversies. Cell Mol Life Sci 77:1531–1550.

Watanabe T, Kusuhara H, Watanabe T, Debori Y, Maeda K, Kondo T, Nakayama H, Horita S,
Ogilvie BW, Parkinson A et al. (2011) Prediction of the overall renal tubular secretion and
hepatic clearance of anionic drugs and a renal drug-drug interaction involving organic anion
transporter 3 in humans by in vitro uptake experiments. Drug Metab Dispos 39:1031–1038.

Wikoff WR, Nagle MA, Kouznetsova VL, Tsigelny IF, and Nigam SK (2011) Untargeted metabo-
lomics identifies enterobiome metabolites and putative uremic toxins as substrates of organic
anion transporter 1 (Oat1). J Proteome Res 10:2842–2851.

Yin J and Wang J (2016) Renal drug transporters and their significance in drug-drug interactions.
Acta Pharm Sin B 6:363–373.

Zhang LS and Davies SS (2016) Microbial metabolism of dietary components to bioactive metabo-
lites: opportunities for new therapeutic interventions. Genome Med 8:46.

Zhang Y, Holenarsipur VK, Kandoussi H, Zeng J, Mariappan TT, Sinz M, and Shen H (2020)
Detection of weak organic anion-transporting polypeptide 1B inhibition by probenecid with
plasma-based coproporphyrin in humans. Drug Metab Dispos 48:841–848.

Address correspondence to: Dr. Hong Shen, Drug Metabolism and Pharma-
cokinetics Department, Bristol-Myers Squibb Company, Route 206 & Province
Line Road, Princeton, NJ 08543. E-mail: hong.shen1@bms.com; or Dr.
Yurong Lai, Gilead Sciences Inc. 333 Lakeside Dr. Foster City, CA 94404.
E-mail: Yurong.Lai@gilead.com

Tang et al. 1069

 at A
SPE

T
 Journals on M

arch 20, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

https://www.fda.gov/media/134582/download
https://www.fda.gov/media/134582/download
mailto:hong.shen1@bms.com
mailto:Yurong.Lai@gilead.com
http://dmd.aspetjournals.org/

