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Abstract: Accurate predictions of drug uptake transporter involvement in renal excretion of xeno-
biotics require determination of in vitro transport kinetic parameters under initial-rate conditions.
The purpose of the present study was to determine how changing the incubation time from initial
rate to steady state influences ligand interactions with the renal organic anion transporter 1 (OAT1),
and the impact of the different experimental conditions on pharmacokinetic predictions. Transport
studies were performed with Chinese hamster ovary cells expressing OAT1 (CHO-OAT1) and the
Simcyp Simulator was used for physiological-based pharmacokinetic predictions. Maximal transport
rate and intrinsic uptake clearance (CL;nt) for PAH decreased with increasing incubation time. The
CLint values ranged 11-fold with incubation times spanning from 15 s (CLjnt 155, initial rate) to 45 min
(CLint 45min, steady state). The Michaelis constant (K ) was also influenced by the incubation time
with an apparent increase in the Km value at longer incubation times. Inhibition potency of five
drugs against PAH transport was tested using incubation times of either 15 s or 10 min. There was no
effect of time on inhibition potency for omeprazole or furosemide, whereas indomethacin was less
potent, and probenecid (~2-fold) and telmisartan (~7-fold) more potent with the longer incubation
time. Notably, the inhibitory effect of telmisartan was reversible, albeit slowly. A pharmacokinetic
model was developed for PAH using the CL;n 155 value. The simulated plasma concentration-time
profile, renal clearance, and cumulative urinary excretion-time profile of PAH agreed well with
reported clinical data, and the PK parameters were sensitive to the time-associated CLj,; value used
in the model.

Keywords: kidney; drug transport; organic anion transporter 1; physiological-based pharmacokinetics;
Mechanistic Kidney model; renal clearance; drug—drug interaction

1. Introduction

The kidney is important for eliminating from the body a variety of small molecular
weight therapeutic drugs “xenobiotics” carrying either a net-positive (cationic drugs) or
negative (anionic drugs) charge at physiological pH [1]. For many of these drugs, their uri-
nary elimination is accomplished by glomerular filtration as well as active tubular secretion.
Indeed, of the top 200 prescribed drugs in the United States in 2010, 32% are eliminated
predominantly by the kidney, and of these, 92% are actively secreted by renal tubules [2].
Renal tubular drug secretion involves the concerted activity of uptake transporters at the ba-
solateral membrane and efflux transporters at the apical membrane of renal tubule cells [1].
Tubular secretion is an important determinant of plasma drug concentration, is a site of
drug-drug interactions (DDIs), and for select drugs, their accumulation into proximal
tubule cells mediated by transporters can lead to nephrotoxicity [2,3]. Accordingly, the
US Food and Drug Administration (US-FDA) and European Medicines Agency (EMA) in
their guidance on drug interaction studies for the pharmaceutical industry recommend
determining in vitro the interaction of new molecular entities (NMEs) with several renal
drug transporters [4,5].
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For anionic drugs that undergo active tubular secretion, their uptake into renal tubule
cells is mediated predominately by the organic anion transporter 1 (OAT1) and the organic
anion transporter 3 (OAT3) [6]. A number of transporters at the apical membrane are
considered candidates for mediating the efflux of anionic drugs into the tubule lumen,
including the multidrug resistance-associated proteins 2 and 4 [7]. Of the top 200 pre-
scribed drugs in the United States in 2010, 28% interact with OAT1 and 41% with OATS3,
highlighting the importance of these organic anion transporters in renal drug elimination
and DDIs [2].

Regulatory agencies have outlined recommendations on when and how to test whether
an NME is a substrate and/or an inhibitor of renal drug transporters. First, for inhibition
studies, and for determining if NMEs are substrates, cultured cells with heterologous
expression of an individual transporter are advocated [5,8,9]. If the in vivo renal clearance of
an NME is a substantial component of its total clearance, and there is evidence of its active
tubular secretion, it is recommended to test if it is a substrate of OAT1 and OAT3—assuming
that the NME has the appropriate physicochemical properties to be a substrate, i.e., a
hydrophilic small-molecular-weight organic anion [2]. Given the broad ligand selectivity of
OAT1 and OATS3, and their potential involvement in DDIs, it is recommended for all NMEs
to determine if they inhibit OAT1/3 transport activity [5].

Once an NME is determined a substrate and/or inhibitor, the extent of its interaction
with the transport protein is determined using in vitro kinetic transport studies. For sub-
strates, this entails determining the kinetic parameters of uptake, i.e., maximal transport
rate (Jmax) and the Michaelis constant (Kp,), and for inhibitors, the inhibition potency of
probe substrate uptake (inhibition constants, ICsy or K; value) [8]. The kinetic parameters
can then be used in either static or dynamic mechanistic models (i.e., physiological-based
pharmacokinetic (PBPK) models) to predict the involvement of transporters in pharmacoki-
netics (PK) of NME substrates, and potential DDIs that may occur at the transporters due
to inhibition caused by perpetrator drugs. Ultimately, the output of these models is used to
guide the clinical development of NMEs [5].

Prior to performing kinetic transport experiments, the time course of uptake should
be determined to establish the linearity of uptake, and it is recommended to use kinetic
parameters determined at an initial-rate time point in downstream pharmacokinetic pre-
dictions [8,10]. To our knowledge, there have been no dedicated studies in the literature
to show what impact a changing incubation time has on the uptake transporter kinetics
and subsequent PK predictions. Thus, the present study examined the kinetics of PAH
(a prototypical OAT1 substrate) transport by OAT1 over a wide range of incubation time-
points, from initial rate to approximate steady state. The kinetic parameters obtained at
the different incubation time points were then input into the Mechanistic Kidney model
(MechKiM) within the Simcyp Simulator to determine how the time point used influences
PK predictions.

2. Materials and Methods
2.1. Reagents and Chemicals

[*H]-Para-aminohippurate (40 Ci/mmol) was obtained from American Radiochemicals
(St. Louis, MO, USA). F12 Kaighn’s modification medium, fetal bovine serum (certified,
U.S. origin), 1% penicillin-streptomycin solution, and hygromycin B were purchased from
ThermoFisher Scientific (Waltham, MA, USA). All other chemicals were of the highest
purity possible and were purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2. Cell Culture

The cloning of the human ortholog of OAT1 from the human kidney and its stable ex-
pression in Chinese Hamster Ovary Flp-In cells (CHO-OAT1) was described previously [11].
CHO-OAT1 cells were cultured in a complete medium (F12 Kaighn’s modification medium,
10% fetal bovine serum and 1% penicillin-streptomycin) supplemented with hygromycin B
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(200 pg/mL final concentration) in a humidified atmosphere of 5% C0O,:95% air at 37 °C.
All cells were grown to confluence in 24-well flat bottom plates for transport experiments.

2.3. Transport Experiments

Transport experiments were conducted using room temperature Waymouth’s buffer
(WB) containing [*H]-labeled para-aminohippurate ([*H]PAH; 20 nM), and in some cases,
either unlabeled PAH or inhibitor drug. The chemical composition of the WB was (in mM):
135 NaCl, 5 KCl, 28 D-glucose, 1.2 MgCl,, 2.5 CaCly, 0.8 MgSO42_, and 13 hydroxyethyl
piperazineethanesulfonic acid (HEPES) (pH 7.4). Transport experiments involved aspirating
the media, rinsing the cells quickly once with WB (0.4 mL), and then adding the transport
solution (0.4 mL) to the wells for an amount of time as indicated in the figure legends.
Uptake was stopped by aspirating the transport buffer and rinsing the wells three times
with ice-cold WB (0.4 mL). The cells were lysed in 0.5 N NaOH/1% sodium dodecyl sulfate
(0.4 mL) for 30 min on an orbital shaker and the lysates neutralized with 1 N HCl (0.2 mL).
Radioactivity content was measured by liquid scintillation counting (Tri-Carb® 2910TR
LSA; PerkinElmer, Waltham, MA, USA). Several wells not used for transport were used for
determining the number of cells per well with a hemocytometer. In our hands, the uptake
of [PH]PAH into CHO-OAT1 cells is typically around 10-fold greater than the uptake into
CHO parental cells when using an initial rate time point (15 s).

To establish initial rate and time-to-steady state, the time course of PAH uptake into
CHO-OAT1 cells was determined using four different concentrations of PAH (0.02, 10, 50
or 100 uM) with uptake at each concentration measured at 15s, 30 s, 1 min, 2 min, 5 min,
and 10 min. The time-dependent uptake of PAH at each concentration tested was fit to a
curve that describes the pseudo-first-order association kinetics of the interaction between
ligand and receptor (i.e., PAH and OATT1 in this case):

Y = Y0+ (Plateau — Y0) * (1 — exp(—K x X))

where Y is the PAH uptake, Y is the PAH uptake value at time = 0, K is the rate constant,
and X is time.

The saturable kinetics of PAH uptake into CHO-OAT1 cells was determined using
an equation that describes the competitive inhibition of radiolabeled substrate uptake by
increasing concentrations of unlabeled substrate:

[= Jmax|[*PAH] LC

Ky, + [PAH]

] is the rate of [PH]PAH uptake from a concentration of [PH]PAH in the transport
solution equal to [*PAH] (20 nM). [PAH] is the concentration of unlabeled PAH in the
transport solution. C is defined as the non-saturable component of [*H]JPAH uptake that is
most likely due to factors such as non-specific binding, incomplete rinsing, and passive
diffusion. [y, is the maximal transport rate, and K, is the Michaelis constant, i.e., the PAH
concentration resulting in half-maximal transport.

To examine inhibition potency (ICsy value determination), the transport solution
contained a fixed concentration of [PH]PAH (20 nM) and increasing concentrations of OAT1
inhibitor (probenecid, furosemide, indomethacin, omeprazole or telmisartan). As above,
transport inhibition experiments involved aspirating the media, rinsing the cells quickly
once with WB (0.4 mL), and then adding the transport solution (0.4 mL) to the wells for
an amount of time as indicated in the figure legends. The concentration of drug to inhibit
uptake by 50% (ICsg value) was determined by nonlinear regression analysis using the
following relationship:

~ Japp[*PAH]

C
ICs0 + [I] +



J. Xenobiot. 2023, 13

208

J is the rate of [*H]PAH uptake from a concentration of [*H]PAH in the transport
solution equal to [*PAH]. [I] is the concentration of inhibitor in the transport solution. ICs
is the inhibitor concentration required to reduce the substrate uptake by 50%. Jspy is the
apparent maximal transport rate, and C has the same meaning as noted above.

Also examined was the effect of increasing incubation time on transport inhibition
caused by telmisartan, and the time-to-recovery of PAH transport activity following telmis-
artan removal. In these experiments, the cells were pre-incubated with telmisartan, but
telmisartan was not included in the uptake solution. To examine the time-dependent nature
of telmisartan inhibition, CHO-OATT1 cells were pre-incubated with telmisartan at four
different telmisartan concentrations (10 nM, 50 nM, 100 nM or 200 nM, diluted in WB) for 1,
5,10 or 30 min. After the pre-treatment period, the cell layer was rinsed rapidly with WB,
followed by immediate measurement of [P*H]PAH uptake for 15s.

The recovery of PAH transport following pre-treatment of the cells for 30 min with
telmisartan (0.5 uM) was investigated in a separate set of experiments. This was done to
examine the reversibility of telmisartan inhibition after prolonged incubation periods. We
have previously shown reversibility of PAH transport by OAT1 following a very brief (10 s)
exposure to telmisartan [12]. Given the hydrophobicity of telmisartan, and the drug’s high
propensity for protein binding, following telmisartan exposure, the cells were rinsed and
incubated in WB containing 10% FBS for 2, 5, 10, 20 or 30 min prior to measuring the uptake
of [*H]PAH for 15 s.

2.4. PBPK-MechKiM Model Development for PAH

The MechKiM within the Simcyp Simulator version 15 (Certara, Inc., Princeton, NJ,
USA) was used for simulating the plasma concentration-time profile, cumulative uri-
nary excretion-time profile, and renal cell concentration-time profile of PAH. A DDI trial
was also performed using the probenecid compound file contained within the Simcyp
Simulator. The GetData Graph Digitizer 2.26 was used to extract clinical data from the
literature [12,13]. Further details of the PAH PBPK-MechKiM model can be found in
Supplemental Figures S1 and S2.

All simulations were performed using the default “healthy volunteers” population
(ages 20-50). For each simulation, ten trials were performed with each trial containing
ten subjects, with a ratio of 50% male and 50% female. As with the published clinical
studies [12,13], in the virtual trials, PAH was administered as a single intravenous bolus
dose of 10 mg - kg~ !, and plasma sampled over a several hour period. Like the published
trials, the first plasma sample in the virtual trials was not taken until 5 min after PAH
administration. For the DDI trial, we first gave a single oral dose of probenecid (1 g), and
then, three hours later, a single intravenous bolus dose of PAH (10 mg-kg’l)—the timing
of the PAH administration was set to match the tmax of probenecid.

2.5. Statistical Analysis

In vitro data are reported as mean =+ standard error of the mean. The number of
observations (noted in the legends) are the number of times the experiment was conducted
in triplicate on a batch of cells at a different passage number. The effect of incubation time on
Jmax, Km and CLj,; values, and on the time-dependent inhibitory effect of telmisartan, was
determined by One-Way Analysis of Variance. Comparison of ICs, values at an incubation
time of 15 s vs. 10 min was done using a two-tailed unpaired Student’s t-test. Statistical
significance was set at the p < 0.05 level. All nonlinear regression and statistical analysis
were done with GraphPad Prism (version 7; GraphPad Software, La Jolla, CA, USA).

3. Results
3.1. Time Course of PAH Uptake into CHO-OAT1 Cells

To establish the time course of PAH uptake, CHO-OAT1 cells were incubated with
four different concentrations of PAH (0.02, 10, 50 or 100 pM) using six different incubation
time points (15 s, 30 s, 1 min, 2 min, 5 min, and 10 min) (Figure 1). Not surprisingly, when
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comparing individual time points, there was an increase in the amount of PAH accumulated
as the PAH concentration in the incubation media increased. For example, the uptake at the
10 min time point was >1000-fold higher at a bath concentration of 100 uM vs. 0.02 uM. The
uptake was approximately linear for 2 min at all PAH concentrations tested, and in each
case, the uptake did not achieve steady state by 10 min. The extrapolated time-to-plateau
(i.e., steady state) was 38, 41, 49, and 68 min at bath concentrations of 0.2, 10, 50, and
100 pM, respectively. For subsequent saturation kinetic experiments, a time point of 2 min
or less was assumed to be an initial-rate time point, while a 45 min incubation was assumed
approximate steady state.
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Figure 1. Time course of PAH uptake into CHO-OAT1. PAH uptake (total uptake, i.e., radiolabeled +
unlabeled) at different incubation times was determined using four different concentrations of PAH:
0.02 uM (A), 10 uM (B), 50 uM (C), and 100 uM (D). At all four PAH concentrations, the uptake was
nearly linear for 2 min, and approached steady state at 10 min. Data are expressed as mean & SEM of
three experiments.

3.2. Effect of Time on Transport Kinetics

Figure 2 shows the effect of increasing incubation time (15 s to 45 min) on the Jmax,
Km, and CLint (Jmax/Km) values. There was a significant decrease in the Jmax value with
time (Figure 2A and Supplementary Table S1A). There was also a significant effect of
incubation time on the Ky, value, where it appeared to be higher at longer incubation times
(Figure 2B and Supplementary Table S1A). Due to changes in both Jmax (decrease) and Kp,
(apparent increase) values, CLj,; decreased significantly with increasing time (Figure 2C
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and Supplementary Table S1A). The CL;,; decreased 11-fold when using incubation times
ranging from 15 s to 45 min.
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Figure 2. Effect of increasing time on Jmax, Km, and CL;,; values. The kinetic constants obtained at
each time point are summarized in Supplementary Table S1A. There was a significant decrease in
the Jmax value with increasing time (p < 0.05) (A). There was also a significant effect of time on the
Km value (p < 0.01), where it appeared to increase with increasing time (B). Due to a decrease in the
Jmax value and an apparent increase in the Ky, value, there was a significant decrease in CL;y; as
time increased (p < 0.01) (C). Data are the mean + SEM of four experiments. Significant differences
between kinetic parameters determined at different time points (15 s to 45 min) were determined by
one-way ANOVA.

3.3. Effect of Time on Inhibition Potency

Given the significant effect of time on the Ky, value, the influence of time on the po-
tency with which five different drugs (probenecid, furosemide, indomethacin, omeprazole,
telmisartan) inhibit the 15 s versus 10 min uptake of PAH by OAT1 was further investigated
(Figure 3 and Supplementary Table S1B). Inhibition potency for omeprazole and furosemide
did not change significantly with time. However, inhibition potency for the remaining
three drugs were sensitive to the time of incubation. For indomethacin, inhibition potency
was ~2-fold lower at 10 min compared to 15 s, whereas inhibition potency of probenecid
was ~2-fold higher at the longer incubation time. Telmisartan was ~7-fold more potent
when performing uptake at 10 min versus 15 s.
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Figure 3. Effect of time on inhibition potency. Inhibition of the 15 s versus 10 min uptake of [PH]PAH
into CHO-OATT1 cells was determined in the presence of increasing concentrations of selected OAT1
inhibitors. ICsy values are summarized in Supplementary Table S1B. Data are the mean + SEM of
four observations and are expressed as a percentage of the control uptake done in the absence of the
inhibitor. * p < 0.05 and ** p < 0.01 indicates a significant difference between ICsy values at 15 s vs.
10 min, unpaired Student’s ¢ test. (A) Indomethacin, (B) Telmisartan, (C) Furosemide, (D) Probenecid,
and (E) Omeprazole.

The relatively large increase in inhibition potency with time caused by telmisartan
led us to explore in more detail the time-dependent nature of inhibition. The data from
experiments shown in Figure 4 are those that would typically be done to examine whether
a drug is a time-dependent inhibitor of drug-metabolizing enzymes. That is, we examined
the effect on OAT1 transport activity of increasing concentrations of telmisartan following
increasing pre-incubation times. At all four telmisartan concentrations tested, there was
a significant effect of time on transport activity, where it decreased with increasing pre-
incubation times, from 1 min to 30 min. However, at each concentration tested, there was a
significant difference in [*H]PAH uptake from 1 min to 5 min, but no difference between
the 5, 10 or 30 min time points.

To test the reversibility of telmisartan inhibition after long incubations, the cells were
pre-incubated for 30 min with a concentration of telmisartan expected to inhibit nearly all
transport activity, followed by its removal and washout for various periods of time before
the transport measurement. In a single experiment, there was near-complete recovery of
PAH transport after 20 min, indicating that the inhibitory effect of telmisartan is reversible,
albeit slowly (Supplemental Figure S3).
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Figure 4. Effect of pre-incubation time on OAT1 inhibition by telmisartan. CHO-OAT1 cells were
pre-incubated with telmisartan at four different concentrations (10 nM, 50 nM, 100 nM or 200 nM) for
1, 5,10 or 30 min, followed by the measurement of [PH]PAH uptake for 15 s. There was a significant
effect of time on PAH uptake at all four concentrations tested: 10 nM (p < 0.01), 50 nM (p < 0.001),
100 nM (p < 0.001), and 200 nM (p < 0.01), one-way ANOVA. At each concentration tested, there
was a significant difference in [’H]PAH uptake from 1 min to 5 min (p < 0.05, Tukey’s HSD), but no
difference between the 5, 10 or 30 min time points (p > 0.05, Tukey’s HSD).

3.4. PBPK Model Predictions

The PBPK-MechKiM model was used to show how differences in transport kinetics
due to changing incubation time influences PK predictions. The CLj; values obtained at
the different incubation time points were used to simulate the plasma concentration-time,
urinary excretion-time, and the renal tubule cell concentration-time profile of PAH. The
simulated renal clearance was 52 L/h and 18.5 L/h when using CL;,; values obtained
at the 15 s and 45 min incubation time points, respectively. When using the CLip 15,
the AUC(_o, was 3.2-fold lower than when using the CLint45min (Figure 5A). After 2 h,
the percentages of the PAH dose excreted in the urine were 100% (CLint 155) versus 81%
(CLint 45min) (Figure 5B). The maximum intracellular PAH concentration in the tubule cells
was 3.4-fold higher when using CLit 155 versus CLint 45min (Figure 5C).

Next, a DDI trial between PAH and probenecid (administered as a 1 g oral dose)
was simulated using the default K; value within Simcyp for probenecid against OAT1
(4 uM), which is in line with the ICs value that we observed for the PAH uptake inhibition
following a 10 min incubation (5.1 uM). In the presence of probenecid, the AUCy_, was
2.1-fold higher compared to in its absence. Plasma clearance was reduced 2.0-fold, which
resulted in its prolonged half-life (1.9-fold longer). Consistent with these simulated data,
co-administration of probenecid (1 g oral dose) caused a 1.8-fold reduction in the plasma
clearance of PAH in human subjects [14]. This observation further increased confidence in
the OAT1 PBPK-MechKiM model.
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Figure 5. Effect of OAT1 CL;,; differences on simulated pharmacokinetic predictions for PAH using
MechKiM. CL;,; values obtained at the different incubation time points were used to simulate the
plasma concentration-time profile (A), the cumulative urinary excretion-time profile (B), and the
renal cell concentration-time profile of PAH (C) following an intravenous 10 mg/kg bolus dose
of PAH. The simulated plasma concentration-time profile of PAH was optimized to the observed
clinical data using the CLj,; value obtained at 15 s and parameter estimation of the RAF value (see
Supplemental Data).
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4. Discussion

For drug uptake transporters such as OAT1, the kinetic parameters of transport, Jmax
and Ky, which define the in vitro intrinsic uptake clearance of a substrate, are essen-
tial input parameters required for mechanistic dynamic PBPK modeling, such as with
MechKiM [15]. Determination of kinetic parameters for uptake transporters are routinely
done in vitro using heterologous expression systems, typically under initial-rate conditions,
where a transport measurement is conducted at a single time point where the substrate
uptake is known to be in the linear range [8,10]. These conditions are also referred to as
“zero-trans” conditions, since upon initiation of uptake, the substrate concentration inside of
the cell is zero [16]. The purpose of the present study was to examine how a broad range of
incubation times from initial rate to approximate steady state influences kinetic parameters
of transport for OAT1, and how the time point chosen influences subsequent downstream
modeling predictions of its involvement in the renal clearance of the prototypic OAT1
substrate, PAH.

Time course experiments were conducted to establish initial-rate and steady-state
time points to use in subsequent saturation kinetic experiments, and these times were
estimated to be less than two minutes and 45 min, respectively. The effect of incubation
time (15 s—45 min) on the kinetics of PAH transport was examined next. As incubation
time increased, there was a decrease in the J;max and CL;,; values. Total substrate uptake is
due to the combined influence of passive diffusion and transporter-mediated uptake. The
decrease in both kinetic parameters (Jmax and CLjnt) with increasing time is best explained
by differences in the contributions of transporter-mediated uptake and passive diffusion to
total PAH flux. As incubation time increased, transport reaches a zero-order flux, where
the rate is independent of the substrate concentration, but dependent on time—hence,
the decrease in Jmax. At steady state, there is no net flux of substrate across the lipid
bilayer, i.e., substrate uptake and efflux are equal. If CL; is estimated beyond the linear
phase, it decreases as the transporter-mediated component of uptake becomes diluted by
self-exchange and passive diffusion. Under these conditions, the transporter-mediated
component of uptake clearance is under-estimated.

The next step was to determine how incubation time-based changes in CL;,; influence
renal distribution and clearance predictions for PAH by PBPK-MechKiM. PBPK models
are being increasingly used in a mechanistic manner to define transporter involvement
in PK and DDIs [17-19]. However, the predictive performance of mechanistic models
for transporters has not been well established, and lag behind those for metabolizing
enzymes [5,19]. This is in part due to the lack of understanding of the physiologically-
relevant scaling factors for IVIVE, which for OAT1, include differences in its abundance and
activity in the in vitro test system compared to in vivo, its distribution along the nephron,
the number of renal tubule cells per gram kidney, and the surface area of the basolateral and
apical membranes of renal tubule cells [20]. In addition, accurate predictions require that
the experimental in vitro conditions chosen for estimating kinetic parameters are reflective
of the kinetics of drug transport in vivo.

Here, we established a model to describe the renal clearance of PAH using the in vitro
CLjnt value obtained at initial rate (15 s) and parameter estimation of the REF value, thereby
accounting for unknowns in the relevant scaling factors for OAT1 for IVIVE. Using this
model, our predicted renal clearance of PAH agreed reasonably well with the observed
clinical data. We then performed simulations using CL;,; values obtained at increasing
incubation times out until a time point that would be assumed steady state (45 min),
where the uptake CLj,: of PAH is attributed to self-exchange and passive diffusion. There
were ~3-fold differences in the renal clearance predictions of PAH when using CLip 155
vS. CLint 45min- Thus, it can be expected that as the incubation time point used for in vitro
uptake kinetic experiments exceeds an initial rate time point, the predicted contribution
of mediated transport to renal clearance would be underestimated due to the increasing
contribution of passive diffusion to the overall intrinsic clearance in vitro. It is important
to note that the assumption of using an initial-rate time point for determining in vitro



J. Xenobiot. 2023, 13

215

transport kinetic parameters may be best for predicting PK following single-dosing as done
for PAH here. However, under multiple dosing regimens, where steady state PK is attained,
other in vitro approaches for estimating transport kinetics may be more appropriate, such
as equilibrium exchange kinetics (work currently ongoing).

The modest apparent increase in the Ky, value for PAH transport at longer incubation
times in kinetic experiments led us to speculate that the potency of OAT1 inhibition may
be sensitive to incubation time as well. The potency with which five drugs inhibit OAT1
was tested using either 15 s or 10 min incubation time points. Drugs with a variety of
inhibition mechanisms were chosen, including competitive (probenecid, indomethacin,
and furosemide), mixed-type (omeprazole), and non-competitive (telmisartan) [21]. In-
terestingly, ICsy values were sensitive to incubation time for some inhibitors, but not all.
Compared to 15 s, when using the 10 min incubation time, there was no difference in ICsg
values for omeprazole and furosemide, indomethacin’s ICsy was higher, and probenecid’s
and telmisartan’s were lower. The most dramatic effect was with telmisartan, which
showed a 7-fold higher potency following a 10 min vs. a 15 s co-incubation with PAH.
The present study is not the first to show that incubation time can influence inhibition
potency toward a drug transporter. Studies with OATP1B1 and OATP1B3 reported a 5- to
20-fold increase in cyclosporin A inhibition potency following a ~30 min pre-incubation
compared to a brief co-incubation with substrate [22,23]. Accordingly, in its guidance
on drug interaction studies, the US-FDA suggests that sponsors of new chemical entities
should consider performing a pre-incubation step when examining inhibition potential
against OATP1B1 and OATPB3 [5]. However, no mention of including a pre-incubation step
for other pertinent drug uptake transporters, such as OAT1, OAT3 or OCT2, is mentioned
in the guidance document.

Data suggest that transport proteins alternate between outward- and inward-facing
conformations during substrate translocation, and that structural rearrangements occur in
transmembrane helices, leading to an alteration in the physical location of amino acids in
the ligand-binding pocket [24-26]. It is possible that differences in ICs; values, depending
on incubation time, reflect differences in binding affinity of the ligand for the extracellular-
vs. intracellular-facing conformation, and where there are differences, the time it takes for
the drug to reach the binding pocket in its intracellular-facing conformation. While this is
a possible mechanism to explain the observed results, further experimental investigation
is required.

To further explore the potential mechanism for the effect of time on inhibition potency
observed for telmisartan, we conducted classical inhibition studies that are done to deter-
mine if a drug is a mechanism-based (covalent-modifier) inhibitor of cytochrome P450s
(CYPs). That is, we pre-incubated the cells with various concentrations of telmisartan for
various time periods before examining the PAH uptake. A significant effect of time on
OAT1-mediated transport inhibition was observed at each concentration of telmisartan
tested. However, it was not the typical linear effect that is seen with mechanism-based
inhibition of CYPs. There was a time effect from 1 to 5 min, but not thereafter. Washout
experiments showed that the inhibitory effect of telmisartan was reversible, albeit slowly.
Thus, telmisartan likely has a relatively slow off-rate from its OAT1-binding region, result-
ing in a relatively low Ky value (K4 = kot /kon). Indeed, drugs with slow off-rates tend to
be more potent inhibitors [27], and telmisartan is a more potent OAT1 inhibitor compared
to other inhibitors [11].

5. Conclusions

The present study used in vitro assays with OAT1 expressed in CHO cells to show that
the time of incubation with substrate influences the kinetics of PAH transport (Jmax and Km
values), and the time of incubation with inhibitor can affect the OAT1 inhibition potency
(ICs0 values). PBPK modeling using kinetic parameters obtained at different incubation
time points showed that the time point chosen for in vitro studies impacts renal clearance
predictions for PAH. Importantly, the contribution of active transport to renal tubular
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secretion could be underestimated if performing kinetic experiments beyond an initial-rate
time point.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jox13020016/s1, Figure S1: Pharmacokinetic predictions for PAH
using its clinically-observed plasma intravenous clearance value [28,29]. Figure S2: Optimization
of MechKiM pharmacokinetic predictions for PAH by parameter estimation of the OAT1 RAF
value [30-36]. Figure S3: Time course of recovery of OAT1-mediated [*H]PAH uptake by CHO-OAT1
cells after pre-treatment with telmisartan. Table S1. (A) Effect of time on OAT1 transport kinetics.
(B) Effect of time on OAT1 inhibition.

Author Contributions: Conceptualization: R.M.P,; participated in research design: RM.P,; con-
ducted experiments: A.O.B.; performed data analysis: A.O.B.; wrote or contributed to the writing
of the manuscript: RM.P. and A.O.B. All authors have read and agreed to the published version of
the manuscript.

Funding: A portion of this research was supported by the Canadian Institutes of Health Research—Nova
Scotia Regional Partnership Operating Grant #129209 (CIHR) and MED-MAT-2013-8813 (NSHRF).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available as the corresponding author is an employee
of Novartis.

Conflicts of Interest: R.M.P. is an employee of the Novartis Institutes for Biomedical Research. A.O.B.
is an employee of LabCorp. A portion of this work was completed in fulfillment of Aaron Buaben’s
MSc research thesis conducted in the Department of Pharmacology at Dalhousie University. The
online version of this thesis can be found at: Evaluating the Optimal In Vitro Transport Conditions
for PBPK Modeling of OAT1 Involvement in Renal Drug Clearance (dal.ca).

References

1.  Pelis, RM.; Wright, S.H. Renal transport of organic anions and cations. Compr. Physiol. 2011, 1, 1795-1835. [CrossRef] [PubMed]

2. Morrissey, K.M.; Stocker, S.L.; Wittwer, M.B.; Xu, L.; Giacomini, K.M. Renal transporters in drug development. Annu. Rev.
Pharmacol. Toxicol. 2013, 53, 503-529. [CrossRef] [PubMed]

3.  George, B,; You, D.; Joy, M.S.; Aleksunes, L.M. Xenobiotic transporters and kidney injury. Adv. Drug Deliv. Rev. 2017, 116, 73-91.
[CrossRef]

4. European Medicines Agency. Guideline on the Investigation of Drug Interactions; European Medicines Agency: London, UK, 2012.

5. United States Food and Drug Administration. In Vitro Drug Interaction Studies—Cytochrome P450 Enzyme- and Transporter-Mediated
Drug Interactions Guidance for Industry; United States Food and Drug Administration: Silver Spring, MD, USA, 2020.

6. Wang, L.; Sweet, D.H. Renal organic anion transporters (SLC22 family): Expression, regulation, roles in toxicity, and impact on
injury and disease. AAPS J. 2013, 15, 53—69. [CrossRef] [PubMed]

7. Zou, W,; Shi, B.; Zeng, T.; Zhang, Y.; Huang, B.; Ouyang, B.; Cai, Z.; Liu, M. Drug transporters in the kidney: Perspectives on
species differences, disease status, and molecular docking. Front. Pharmacol. 2021, 12, 746208. [CrossRef]

8.  Brouwer, K.L.R,; Keppler, D.; Hoffmaster, K.A.; Bow, D.A.].; Cheng, Y.; Lai, Y.; Palm, ].E.; Stieger, B.; Evers, R. In vitro methods to
support transporter evaluation in drug discovery and development. Clin. Pharmacol. Ther. 2013, 94, 95-112. [CrossRef]

9. Giacomini, K.M.; Huang, S.M.; Tweedie, D.J.; Benet, L.Z.; Brouwer, K.L.R,; Chu, X.; Dahlin, A.; Evers, R.; Fischer, V. Membrane
transporters in drug development. Nat. Rev. Drug Discov. 2010, 9, 215-236. [CrossRef]

10. Zamek-Gliszczynski, M.]J.; Lee, C.A; Poirier, A.; Bentz, ].; Chu, X,; Ellens, H.; Ishikawa, T.; Jamei, M.; Kalvass, ].C.; Nagar, S.; et al.
ITC recommendations for transporter kinetic parameter estimation and translational modeling of transport-mediated PK and
DDIs in humans. Clin. Pharmacol. Ther. 2013, 94, 64-79. [CrossRef]

11. Ingraham, L.; Li, M.; Renfro, J.L.; Parker, S.; Vapurcuyan, A.; Hanna, I; Pelis, R.M. A plasma concentration of a-ketoglutarate
influences the kinetic interaction of ligands with organic anion transporter 1. Mol. Pharmacol. 2014, 86, 86-95. [CrossRef]

12. Hirata-Dulas, C.A.; Awni, WM.; Matzke, G.R.; Halstenson, C.E.; Guay, D.R. Evaluation of two intravenous single-bolus methods
for measuring effective renal plasma flow. Am. J. Kidney Dis. 1994, 23, 374-381. [CrossRef]

13. Prescott, L.E; Freestone, S.; McAuslane, J.A. The concentration-dependent disposition of intravenous p-aminohippurate in
subjects with normal and impaired renal function. Br. J. Clin. Pharmacol. 1993, 35, 20-29. [PubMed]

14. Meisel, A.D.; Diamond, H.S. Inhibition of probenecid uricosuria by pyrazinamide and para-aminohippurate. Am. J. Physiol. 1977,
232, F222-F226. [CrossRef] [PubMed]

15.  Neubhoff, S.G.L.; Burt, H.; Jamei, M.; Li, L.; Tucker, G.T.; Rostami-Hodjegan, A. Accounting for transporters in renal clearance:

Towards a mechanistic kidney model (MechKiM). In Transporters in Drug Development; Sugiyama, Y., Ed.; Springer: New York,
NY, USA, 2013; pp. 155-177.


https://www.mdpi.com/article/10.3390/jox13020016/s1
https://www.mdpi.com/article/10.3390/jox13020016/s1
https://doi.org/10.1002/cphy.c100084
https://www.ncbi.nlm.nih.gov/pubmed/23733689
https://doi.org/10.1146/annurev-pharmtox-011112-140317
https://www.ncbi.nlm.nih.gov/pubmed/23140242
https://doi.org/10.1016/j.addr.2017.01.005
https://doi.org/10.1208/s12248-012-9413-y
https://www.ncbi.nlm.nih.gov/pubmed/23054972
https://doi.org/10.3389/fphar.2021.746208
https://doi.org/10.1038/clpt.2013.81
https://doi.org/10.1038/nrd3028
https://doi.org/10.1038/clpt.2013.45
https://doi.org/10.1124/mol.114.091777
https://doi.org/10.1016/S0272-6386(12)80999-1
https://www.ncbi.nlm.nih.gov/pubmed/8448064
https://doi.org/10.1152/ajprenal.1977.232.3.F222
https://www.ncbi.nlm.nih.gov/pubmed/842669

J. Xenobiot. 2023, 13 217

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Stein, W.D. Transport and Diffusion Across Cell Membranes; Academic Press: Orlando, FL, USA, 1986. [CrossRef]

Guo, Y,; Chu, X,; Parrott, N.J.; Brouwer, K.L.; Hsu, V,; Nagar, S.; Matsson, P.; Sharma, P.; Snoeys, J.; Sugiyama, Y.; et al. Advancing
predictions of tissue and intracellular drug concentrations using in vitro, imaging and physiologically based pharmacokinetic
modeling approaches. Clin. Pharmacol. Ther. 2018, 104, 865-889. [CrossRef]

Jones, H.; Chen, Y.; Gibson, C.; Heimbach, T.; Parrott, N.; Peters, S.; Snoeys, J.; Upreti, V.; Zheng, M.; Hall, S. Physiologically based
pharmacokinetic modeling in drug discovery and development: A pharmaceutical industry perspective. Clin. Pharmacol. Ther.
2015, 97, 247-262. [CrossRef]

Pan, Y;; Hsu, V,; Grimstein, M.; Zhang, L.; Arya, V.; Sinha, V.; Grillo, J.A.; Zhao, P. The application of physiologically based
pharmacokinetic modeling to predict the role of drug transporters: Scientific and regulatory perspectives. J. Clin. Pharmacol. 2016,
56 (Suppl. S7), S122-5131. [CrossRef] [PubMed]

Scotcher, D.; Jones, C.; Posada, M.; Galetin, A.; Rostami-Hodjegan, A. Key to opening kidney for in vitro-in vivo extrapolation
entrance in health and disease: Part II: Mechanistic models and in vitro-in vivo extrapolation. AAPS J. 2016, 18, 1082-1094.
[CrossRef]

Hotchkiss, A.G.; Gao, T.; Khan, U.; Berrigan, L.; Li, M.; Ingraham, L.; Pelis, R M. Organic anion transporter 1 is inhibited by
multiple mechanisms and shows a transport mode independent of exchange. Drug Metab. Dispos. 2015, 43, 1847-1854. [CrossRef]
Amundsen, R.; Christensen, H.; Zabihyan, B.; Asberg, A. Cyclosporine A, but not tacrolimus, shows relevant inhibition of organic
anion-transporting protein 1B1-mediated transport of atorvastatin. Drug Metab. Dispos. 2010, 38, 1499-1504. [CrossRef]

Gertz, M.; Cartwright, C.M.; Hobbs, M.].; Kenworthy, K.E.; Rowland, M.; Houston, ].B.; Galetin, A. Cyclosporine inhibition of
hepatic and intestinal CYP3A4, uptake and efflux transporters: Application of PBPK modeling in the assessment of drug-drug
interaction potential. Pharm. Res. 2013, 30, 761-780. [CrossRef]

Diallinas, G. Understanding transporter specificity and the discrete appearance of channel-like gating domains in transporters.
Front. Pharmacol. 2014, 5, 207. [CrossRef]

Kaler, G.; Truong, D.; Khandelwal, A.; Nagle, M.; Eraly, S.A.; Swaan, P.; Nigam, S.K. Structural variation governs substrate
specificity for organic anion transporter (OAT) homologs. J. Biol. Chem. 2007, 282, 23841-23853. [CrossRef] [PubMed]

Prajapati, R.; Sangamwar, A.T. Translocation mechanism of P-glycoprotein and conformational changes occurring at drug-binding
site: Insights from multi-targeted molecular dynamics. Biochim. Biophys. Acta 2014, 1838, 2882-2898. [CrossRef] [PubMed]
Tonge, PJ. Drug—target kinetics in drug discovery. ACS Chem. Neurosci. 2018, 9, 29-39. [CrossRef] [PubMed]

Smith, H.W.; Finkelstein, N.; Aliminosa, L.; Crawford, B.; Graber, M. The renal clearances of substituted hippuric acid derivatives
and other aromatic acids in dog and man 1. J. Clin. Investig. 1945, 24, 388-404. [CrossRef]

Rodgers, T.; Rowland, M. Mechanistic approaches to volume of distribution predictions: Understanding the processes. Pharm.
Res. 2007, 24, 918-933. [CrossRef]

Dowling, T.; Frye, R.; Fraley, D.S.; Matzke, G.R. Characterization of tubular functional capacity in humans using para-
aminohippurate and famotidine. Kidney Int. 2001, 59, 295-303. [CrossRef]

Tahara, H.; Kusuhara, H.; Chida, M.; Fuse, E.; Sugiyama, Y. Is the monkey an appropriate animal model to examine drug-drug
interactions involving renal clearance? Effect of probenecid on the renal elimination of Hy receptor antagonists. Experiment 2005,
316, 1187-1194. [CrossRef]

Smeets, PH.; van Aubel, R A.A.A.; Wouterse, A.C.; Heuvel, ].].V.D.; Russel, EG. Contribution of multidrug resistance protein 2
(MRP2/ABCC2) to the renal excretion of p-aminohippurate (PAH) and identification of mrp4 (ABCC4) as a novel pah transporter.
J. Am. Soc. Nephrol. 2004, 15, 2828-2835. [CrossRef]

Mathialagan, S.; Piotrowski, M.A.; Tess, D.A.; Feng, B.; Litchfield, J.; Varma, M.V. Quantitative prediction 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. 2017, 45, 409—-417. [CrossRef]

Chatsudthipong, V.; Dantzler, W.H. PAH-alpha-KG countertransport stimulates PAH uptake and net secretion in isolated snake
renal tubules. Am. . Physiol. 1991, 261 Pt 2, F858-F867. [CrossRef]

Chatsudthipong, V.; Dantzler, W.H. PAH/alpha-KG countertransport stimulates PAH uptake and net secretion in isolated rabbit
renal tubules. Am. J. Physiol. 1992, 263 Pt 2, F384-F391. [CrossRef]

Watanabe, T.; Maeda, K.; Kondo, T.; Nakayama, H.; Horita, S.; Kusuhara, H.; Sugiyama, Y. Prediction of the hepatic and renal
clearance of transporter substrates in rats using in vitro uptake experiments. Drug Metab. Dispos. 2009, 37, 1471-1479. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/b978-0-12-664660-3.x5001-7
https://doi.org/10.1002/cpt.1183
https://doi.org/10.1002/cpt.37
https://doi.org/10.1002/jcph.740
https://www.ncbi.nlm.nih.gov/pubmed/27385170
https://doi.org/10.1208/s12248-016-9959-1
https://doi.org/10.1124/dmd.115.065748
https://doi.org/10.1124/dmd.110.032268
https://doi.org/10.1007/s11095-012-0918-y
https://doi.org/10.3389/fphar.2014.00207
https://doi.org/10.1074/jbc.M703467200
https://www.ncbi.nlm.nih.gov/pubmed/17553798
https://doi.org/10.1016/j.bbamem.2014.07.018
https://www.ncbi.nlm.nih.gov/pubmed/25068895
https://doi.org/10.1021/acschemneuro.7b00185
https://www.ncbi.nlm.nih.gov/pubmed/28640596
https://doi.org/10.1172/JCI101618
https://doi.org/10.1007/s11095-006-9210-3
https://doi.org/10.1046/j.1523-1755.2001.00491.x
https://doi.org/10.1124/jpet.105.094052
https://doi.org/10.1097/01.ASN.0000143473.64430.AC
https://doi.org/10.1124/dmd.116.074294
https://doi.org/10.1152/ajprenal.1991.261.5.F858
https://doi.org/10.1152/ajprenal.1992.263.3.F384
https://doi.org/10.1124/dmd.108.026062
https://www.ncbi.nlm.nih.gov/pubmed/19364828

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Cell Culture 
	Transport Experiments 
	PBPK-MechKiM Model Development for PAH 
	Statistical Analysis 

	Results 
	Time Course of PAH Uptake into CHO-OAT1 Cells 
	Effect of Time on Transport Kinetics 
	Effect of Time on Inhibition Potency 
	PBPK Model Predictions 

	Discussion 
	Conclusions 
	References

