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ABSTRACT: Indoxyl sulfate (IxS), a highly albumin-bound
uremic solute, accumulates in chronic kidney disease (CKD)
due to reduced renal clearance. This study was designed to
specifically investigate the role of human serum albumin
(HSA) in IxS renal secretion via organic anion transporter 1
(OAT1) in a microfluidic system and subsequently apply
quantitative translation of in vitro data to predict extent of
change in IxS renal clearance in CKD stage IV relative to
healthy. Conditionally immortalized human proximal tubule
epithelial cells overexpressing OAT1 were incubated with IxS
(5−200 μM) in the HSA-free medium or in the presence of
either HSA or CKD-modified HSA. IxS uptake in the presence
of HSA resulted in more than 20-fold decrease in OAT1 affinity (Km,u) and 37-fold greater in vitro unbound intrinsic clearance
(CLint,u) versus albumin-free condition. In the presence of CKD-modified albumin, Km,u increased four-fold and IxS CLint,u
decreased almost seven-fold relative to HSA. Fold-change in parameters exceeded differences in IxS binding between albumin
conditions, indicating additional mechanism and facilitating role of albumin in IxS OAT1-mediated uptake. Quantitative
translation of IxS in vitro OAT1-mediated CLint,u predicted a 60% decrease in IxS renal elimination as a result of CKD, in
agreement with the observed data (80%). The findings of the current study emphasize the role of albumin in IxS transport via
OAT1 and explored the impact of modifications in albumin on renal excretion via active secretion in CKD. For the first time,
this study performed quantitative translation of transporter kinetic data generated in a novel microfluidic in vitro system to a
clinically relevant setting. Knowledge gaps and future directions in quantitative translation of renal drug disposition from
microphysiological systems are discussed.
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■ INTRODUCTION

Chronic kidney disease (CKD) is a global health care problem,
affecting approximately 12% of the population worldwide, with
a prevalence of around 6.5% in advanced CKD stages III−V.1,2
CKD results in the accumulation of uremic solutes in plasma,
especially protein-bound toxins secreted by renal drug
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transporters.3 One of the most prevalent accumulated solutes
is indoxyl sulfate (IxS), implicated as a contributor to
cardiovascular disease4 and renal disease progression.5 The
underlying mechanisms causing reduced renal plasma excretion
clearance (CLR) and accumulation of IxS (also of drugs given
to CKD patients) are still not fully elucidated. Intact nephron
hypothesis proposes that the number of functional nephrons is
decreased in CKD and that glomerular filtration rate (GFR)
and residual tubular function decrease in parallel.6 When
tubular secretion is the dominant route of uremic toxin/drug
elimination, impaired active secretion via renal drug trans-
porters associated with CKD is expected to contribute
significantly to reduced CLR.

3,7

IxS is actively secreted via basolaterally expressed organic
anion transporters (OAT) 1 and, to a lesser extent, OAT3,8−11

paired with efflux via MRP4, BCRP, and OAT4 transporters at
the apical proximal tubule membrane.12,13 In plasma of healthy
subjects, this uremic solute is >90% bound to human serum
albumin (HSA), with minimal binding to other plasma
proteins.14 In CKD, the extent of IxS binding to albumin is
reduced, and this is attributed not only to changes in albumin
concentrations but also competition for albumin binding site
and potentially post-translational modifications of the
protein.15−17 In healthy subjects, mean total and free IxS
concentrations range from 0.4−0.9 mg/L (1.9−4.2 μM) and
0.02−0.03 mg/L (0.09−0.13 μM), respectively (Table S1). In
advanced CKD (stage IV+), both total (average 24 mg/L; 113
μM) and free (average 2.4 mg/L; 11.3 μM) IxS concentrations
increase (Table S1).
Considering all these changes in CKD, it is important to

delineate the role of albumin in tubular secretion of IxS, in
particular considering proposed albumin-facilitated active
transport via OATs.11,18 Jansen et al. recently developed a
microfluidic system wherein human conditionally immortalized
proximal tubule epithelial cells (ciPTEC) were seeded on a
hollow fiber membrane.11,19 Use of microfluidic system and
ability to investigate transepithelial transport were envisaged to
improve mechanistic in vitro characterization of the complex
interplay between multiple processes affecting renal drug
disposition, namely basolateral and apical uptake and efflux
transporters, passive diffusion, and tubular reabsorption. Other
advantages of this microfluidic system include recapitulation of
the extracellular environment, cell-to-medium ratio, tubule
formation, and removal of waste metabolites.
Quantitative translation of transporter data generated in vitro

to in vivo is often done using physiologically based
pharmacokinetic modeling (PBPK).20−23 In vitro−in vivo
extrapolation (IVIVE) of transporter kinetic data accounts
for differences in expression of drug transporters or activity
between the cellular system and in vivo.22,24 Although well-
established approach for a number of cellular systems,25 the
translational ability of data from novel microphysiological
systems26,27 is yet to be ascertained.
There is an increasing interest to use IVIVE-based PBPK

models to support dosage adjustments recommendations in
product labeling for specific populations.22,28−30 However,
examples where PBPK modeling was used to explore
implications of different underlying disease mechanisms on
predicted drug pharmacokinetics are still sparse. In the case of
renal impairment, physiological kidney models have inves-
tigated the impact of reduced proximal tubule cellularity and
reduced transporter expression, in conjunction with well-

defined changes in GFR and plasma protein binding, on the
predicted CLR of selected drugs.31−33

This study aimed to understand the role of albumin in IxS
renal secretion via OAT1 in both healthy population and in
advanced stage of CKD. To that end, IxS tubular secretion in
the microfluidic system was investigated under different
albumin conditions in vitro and quantitatively translated to in
vivo; the predicted extent of change in IxS CLR in CKD relative
to healthy was compared with reported clinical data.

■ EXPERIMENTAL SECTION
Chemicals and Materials. All chemicals and HSA were

purchased from Sigma-Aldrich (Zwijndrecht, The Nether-
lands). MicroPES TF10 hollow fiber capillary membrane (wall
thickness 100 ± 25 μm, inner diameter 300 ± 40 μm, max
pore size 0.5 ± 0.1 μm) was purchased from 3 M − Membrana
GmbH (Wuppertal, Germany). CKD-modified HSA has
undergone post-translational modifications by guanidinylation
reflecting changes occurring in CKD patients, as described
previously.15

Uptake of Indoxyl Sulfate by ciPTEC-OAT1 in Micro-
fluidic System. ciPTEC with stable overexpression of OAT1
(ciPTEC-OAT1)34 was cultured in supplemented PTEC
media under static conditions before seeding (between passage
number 29−43).35 Hollow fiber capillary membrane was
coated with L-DOPA and collagen type IV and seeded (1.5 ×
106 cells), analogous to previous protocol.19

ciPTEC-OAT1 cells were exposed to a range of IxS
concentrations (5−200 μM) in the microfluidic system
(detailed information on system has been reported pre-
viously)19 for 5 min at a flow rate of 6 mL h−1. IxS was
dissolved in Kreb-Henseleit buffer (supplemented with 10 mM
Hepes, pH = 7.4), and uptake was performed in the presence
and absence of potent OAT inhibitor probenecid (500 μM).
Efflux transporter activity (e.g., BCRP and MRP4) was
inhibited by addition of inhibitors (KO143 and MK571, 5
μM) in the apical compartment. Active uptake of IxS was
investigated under three conditions, namely in albumin-free
medium, with HSA at 1 mM (corresponding to a physiological
plasma albumin concentration in humans, 35−50 g/L),11 and
in the presence of CKD-modified HSA at 1 mM. Uptake was
terminated by addition of ice-cold Kreb-Henseleit buffer. The
buffer was removed, and cells were lysed with 250 μL of 0.1 M
NaOH for 15 min. Subsequently, intracellular concentrations
of IxS were quantified by liquid chromatography−tandem mass
spectrometry (LC−MS/MS; Supporting Information). The
IxS fraction unbound in incubation media (fumed) was
determined by measuring IxS free and bound fractions using
ultrafiltration over the concentration range tested, as described
previously.11,15

Transepithelial Transport Studies. ciPTEC-OAT1 cells
in the microfluidic system were perfused with uremic plasma
(measured IxS concentration of 282 ± 4 μM) or healthy
plasma (spiked with 282 μM IxS) for 10 min in the presence or
absence of probenecid (500 μM). After perfusion, fluid in the
apical compartment was collected and IxS was quantified by
LC−MS/MS (Supporting Information). Cell viability (Pres-
toblue cell viability assay) and barrier integrity (inulin-FITC
leakage) assays were performed using cisplatin (200 μM) as a
positive control. Cisplatin was used as positive control as it is
known to be toxic to kidney cells and disrupts integrity of
membrane barrier. Pooled uremic and healthy plasma samples
from subjects were obtained from the Department of
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Nephrology and Hypertension, University Medical Center
Utrecht, Utrecht, The Netherlands.
Data Analysis. IxS uptake rates (pmol/min/106 cells) in

the presence and absence of probenecid were calculated by
normalizing measured uptake amounts for incubation time,
assuming linearity with respect to time and fiber cellularity
(details on determination of the cell number in Table S2).
Passive transport was determined assuming that probenecid
(500 μM) completely inhibited uptake via OAT1. OAT1-
mediated uptake rate (pmol/min/106 cells) at specific IxS
concentration was calculated as a difference between total and
passive transport rates.
The Michaelis constant defining OAT1 binding affinity (Km;

μM) and maximum uptake rate (Vmax; pmol/min/106 cells)
were estimated by fitting the Michaelis−Menten eq (eq 1) to
OAT1-mediated uptake rates and nominal IxS concentrations
using Graphpad Prism 7.04 (La Jolla California USA). IxS
fumed was calculated as the slope of the linear regression of the
nominal versus free IxS concentration (Figure S1). Sub-
sequently, the Km corrected for binding (Km,u) and in vitro
unbound intrinsic clearance (CLint,u) expressed in μL/min/106

cells were calculated (eqs 2 and 3):

v
V S
K S

max

m
=

× [ ]
+ [ ] (1)

K K fum,u m med= × (2)

CL
V
Kint,u

max

m,u
=

(3)

Quantitative Translation of in Vitro Unbound
Intrinsic Clearance to in Vivo. IVIVE was performed by

applying physiological scaling factors36 to translate in vitro IxS
kinetic data obtained in a microfluidic system to an organ level
(eq 4, Figure 1):
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CLint,u is derived from in vitro IxS uptake studies and reflects
OAT1-mediated IxS uptake, whereas CLint,u,scaled represents the
scaled in vivo unbound OAT1-mediated intrinsic clearance,
assuming that uptake via OAT1 is the rate-determining step in
IxS renal disposition. REFOAT1 is relative expression factor for
OAT1 (dimensionless) and accounts for differences in
transporter expression between different systems. Because of
the lack of data on OAT1 expression in ciPTEC in the
microfluidic system, REFOAT1 value of 1 was applied assuming
no difference in OAT1 expression between in vitro and in vivo,
as done previously.31 PTCPGK (number of proximal tubule
cells/g kidney) allows the extrapolation of in vitro data to per g
of kidney.25,36 A mean value of 60 million of proximal tubule
cells/g kidney was based on previous studies.32,36 The ratio
between ciPTEC cellularity and primary proximal tubule cells
was assumed to be 1, as used before for HEK293 cells.36 Final
scaling factor (cortex kidney weight, KWcortex) extrapolates
active clearance value to both kidneys; focus was on cortex as
proximal tubule cells exclusively reside in this region.

Figure 1. Quantitative translation of in vitro transporter kinetic data obtained in microfluidic system to predict renal plasma excretion clearance
(CLR). (A) Indoxyl sulfate (IxS) uptake was investigated in a microfluidic device with ciPTEC-OAT1 and in vitro unbound intrinsic clearance
(CLint,u) was determined. (B) CLint,u was scaled with relative OAT1 expression factor (REFOAT1), the number of proximal tubule cells per gram of
kidney (PTCPGK) and cortex kidney weight (KWcortex) to predict in vivo unbound intrinsic clearance (CLint,u,scaled). (C) To predict renal plasma
clearance (CLR) of IxS, other renal processes (glomerular filtration and tubular reabsorption) were also accounted for (eq 5). The filtration
component is determined by the glomerular filtration rate (GFR) and the fraction unbound of IxS (fup) in plasma. QR represents the renal cortex
blood flow.
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Considering uncertainty in some of the scaling factors,
sensitivity analysis was performed by varying REFOAT1 and
PTCPGK in the model for healthy subjects to assess the
impact on predicted IxS CLR.
In the case of advanced CKD (stage IV), quantitative

translational approach followed the same principles as above
for healthy; known changes in physiological parameters (e.g.,
GFR, fup) associated with the disease were considered (Table
1). Scaling factors (PTCPGK, REFOAT1) were the same as in
healthy population due to lack of quantitative data on cell
number or transporter expression in CKD patients. Sub-
sequently, impact of disease-related reduction in either
transporter expression or PTCPGK on the predicted CLR
ratio was investigated. The implemented decrease in these
physiological scaling factors was proportional to changes in
GFR in CKD stage IV based on intact nephron hypothesis and
animal studies reporting proximal tubule cell damage, reduced
kidney size, and reduced OAT expression in this disease.7,37−39

Model input values for the individual parameters are
summarized in Table 1.
Prediction of Indoxyl Sulfate Renal Plasma Excretion

Clearance. To predict total IxS CLR, three renal elimination
mechanisms were considered, namely glomerular filtration,
active secretion, and tubular reabsorption, derived from
Zamek-Gliszczynski et al.40 and adapted to estimate renal
plasma clearance (eq 5):41
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fu GFR
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Q CL
(1 F )

R p
p

R

R p int,u,scaled

R
fu

R int,u,scaled

reab
p

B:P

= × + −
×

×
× ×

+ ×
× −

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjj

y

{
zzzzz

i

k

jjjjjjjjjj

y

{

zzzzzzzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ
(5)

where QR is the renal cortex blood flow (mL/min), CLint,u,scaled
(mL/min) is the in vivo unbound intrinsic clearance (defined

in eq 4), fup is fraction unbound in plasma, and Freab is the
fractional tubular reabsorption. RB:P is the IxS blood-to-plasma
ratio, and a value of 0.55 (1-hematocrit) was applied due to
lack of reported data. Eq 5 can be expressed in terms of blood
clearance, assuming equilibrium of unbound concentrations in
plasma and blood.40

Relative contribution of active secretion to IxS CLR was
calculated (eq 6):

Relative contribution (%) 1
GFR fu

CL
100p

R
= −

×
×

i
k
jjjjj

y
{
zzzzz

(6)

Contribution of tubular reabsorption was assumed to be
negligible (Freab = 0). Potential involvement of OAT4 as apical
uptake transporter was not considered in this study. Eq 5 was
used to calculate CLR for healthy and in the case of CKD
changes in physiological parameters associated with CKD were
considered (Table 1). Although reported differences in
hematocrit levels between healthy and CKD42 were accounted
for, these had no impact on the predicted CLR value.

Collation of Indoxyl Sulfate Clinical Data in Healthy
and CKD Population. Predicted IxS CLR was compared to
reported clinical data to validate the predictive performance
and translational ability of the in vitro data generated in the
current study. Pubmed was searched for clinical studies
reporting (unbound) CLR of IxS in healthy subjects and in
patients with varying stages of CKD (Table 4). Clinical studies
with end stage renal disease, hemodialysis, or peritoneal
dialysis patients were excluded from the analysis unless IxS free
and total levels were determined before dialysis. Tables 3 and
S1 give an overview of clinical studies (after 2012) reporting
total or free IxS concentrations in healthy subjects and CKD
patients.43 The fup value from Rossi et al.44 for CKD stage IV
was used as input in the CLR prediction model since the study
reported values per specific CKD stage.

Table 1. Information on Scaling Factors Used To Predict in Vivo Unbound OAT1-Mediated Intrinsic Clearance (CLint,u,scaled)
and Indoxyl Sulfate Renal Plasma Excretion Clearance (IxS CLR)

a

healthy subjects CKD stage IV ref

IVIVE scaling factors
REFOAT1 1 (assumed) 1 (assumed)b

PTCPGK
(proximal tubule cells/g kidney)

60 × 106 (range 50−70 × 106) 60 × 106b Neuhoff et al.36

kidney weight (g)
(average left + right kidney)

249 249b Molina et al.45,46 and taking into account male/female
ratio in study by Poesen et al.47

KWcortex (g) 169 (68% of kidney weight) 169 (68% of kidney weight)b Scotcher et al.48

Input in Static Model To Predict IxS CLR

QR (mL/min) 1008 585 Scotcher et al.48 and 42% reduction in advanced CKD
patients (Table S3)

GFR (mL/min)
(defined GFR category)

105 (90−120) 22.5 (15−30) CKD work group49

fup 0.025 0.06 Rossi et al.44

RB:P 0.55 (1-hematocrit, assumed) 0.66 (1-hematocrit, assumed) Rowland Yeo et al.42 and taking into account male/female
proportionality in study Poesen et al.47

Freab 0 (assumed) 0 (assumed)
CLint,u,scaled (mL/min) 342.5 52.0
aReported numbers are based on physiological values (e.g. PTCPGK, KWcortex, QR, and fup), experimental values (ciPTEC number and CLint,u), or
were assumed due to lack of clinical or experimental evidence (REFOAT1, RB:P, and Freab). Differences in individual parameters in healthy subjects
and CKD patients were taken into account if clinical evidence was available. bNo quantitative information available on differences between healthy
subjects and CKD patients for these parameters.
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■ RESULTS

OAT1-Mediated Uptake of Indoxyl Sulfate in Micro-
fluidic System ± Albumin. Concentration-dependent
uptake of IxS by ciPTEC-OAT1 monolayers was observed in
HSA-free medium; this trend was also evident in the presence
of albumin (Figure 2, Table 2). Saturable uptake of IxS in
HSA-free medium resulted in Km and Vmax of 29.3 μM and
26.5 pmol/min/106 cells, respectively (Table 2). The IxS fumed
in the presence of HSA was 0.1 (Figure S1). The presence of
HSA resulted in increased transporter affinity and 20-fold
lower Km,u compared to albumin-free incubation media. In

addition, the presence of albumin increased the transporter
Vmax, and as a result, the IxS OAT1-mediated CLint,u increased
by 37-fold (Table 2). The inclusion of albumin did not have an
impact on IxS passive diffusion (Figure 2).

OAT1-Mediated Uptake of Indoxyl Sulfate in Pres-
ence CKD-Modified Albumin. Concentration-dependent
uptake of IxS in ciPTEC-OAT1 was observed in the presence
of CKD-modified HSA (Figure 2, Table 2). A lower extent of
IxS binding was apparent in the presence of CKD-modified
HSA, with a fumed of 0.26 relative to 0.1 in the HSA condition
(Figure S1). Nearly four-fold lower affinity for OAT1 and

Figure 2. Indoxyl sulfate (IxS) uptake kinetics in ciPTEC-OAT1 seeded in microfluidic system in the absence or presence of human serum albumin
(HSA) or CKD-modified albumin. ciPTEC-OAT1 cells were exposed to a range of IxS concentrations (5−200 μM) in HSA-free incubation media
(HSA-free), in the presence of 1 mM HSA (corresponding to healthy plasma) and in the presence of 1 mM CKD-modified HSA. Top left panel
illustrates the experimental design to determine intracellular IxS uptake; efflux transporter activity was inhibited by addition of inhibitor cocktail in
the apical compartment (ECM = extracellular matrix). Observed total transport (open black circle) and passive transport (open blue diamonds) are
depicted. Fitted Michaelis−Menten equation to OAT1-mediated transport data (dashed gray line) is shown. Linear regression of passive transport
is represented by the blue solid line. Data are shown as mean ± SD of three independent experiments.

Table 2. In Vitro Organic Anion Transporter 1 (OAT1) Kinetic Parameters for Indoxyl Sulfate (IxS) and Corresponding
Fraction Unbound in Incubation Medium (fumed) in Different Human Serum Albumin (HSA) Conditions Investigateda

albumin condition used Vmax (pmol/min/106cells) Km(μM) Km,u (μM)b,c IxS fumed IxS CLint,u
d(μL/min/106 cells) CLint,u,scaled

e,f,g(mL/min)

HSA-free 26.5 ± 2.2 29.3 ± 7.5 29.3 1 0.90 9.2
+HSA 48.1 ± 2.5 14.4 ± 2.9 1.4 0.1 33.7 342.5
+CKD-modified HSA 27.7 ± 1.0 21.0 ± 2.5 5.4 0.26 5.1 52.0

aIxS uptake was investigated in the absence of HSA (HSA-free), in the presence of HSA, and in the presence of CKD-modified HSA. Values are
presented as mean ± SD of three independent experiments. bKm corrected by measured fumed (Km × fumed = Km,u). IxS fumed was 0.1 (albumin) and
0.26 in CKD-modified albumin condition. cKm,u (μM) equivalent to 6.2 (HSA-free), 0.3 (HSA), and 1.2 mg/L (CKD-modified HSA). dCLint,u
obtained as Vmax/Km,u.

eScaling factors used: REFOAT1 = 1; PTCPGK = 60 × 106 cells/g kidney; and KWcortex = 169 g. fUsed as input in CLR
prediction model (eq 5) in healthy subject population (HSA-free and HSA in vitro conditions) and in CKD stage IV population (CKD-modified
HSA in vitro condition). Predicted CLR was 2.9, 11.0, and 4.4 mL/min for HSA-free, HSA, and CKD-modified HSA, respectively. gRelative
contribution of OAT1-mediated active secretion clearance to CLR was 8.0, 76, and 70% for HSA-free, HSA, and CKD-modified HSA, respectively.
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reduced Vmax in the presence of CKD-modified HSA (Table 2)
resulted in 6.6-fold decrease in CLint,u relative to HSA (Table
2). Passive diffusion between different albumin conditions was
comparable (Figure 2).
Clinical Studies Reporting Indoxyl Sulfate Fraction

Unbound in Plasma in Healthy Subjects and CKD
Patients. Table 3 provides an overview of collated studies
reporting IxS fup, whereas all collated literature studies
reporting total IxS concentrations in plasma are summarized
in Table S1. High intra- and inter-study variability in total and
free IxS concentrations were apparent, in line with pre-2012
data reported by the uremic toxin workgroup (Table 3).43 One
study reported fup values in various CKD stages and found a
substantial increase in fup with increasing severity of the

disease (from 0.03 to 0.16 in control to- stage V,
respectively).44

Studies Reporting Indoxyl Sulfate CLR in CKD
Patients and Healthy Subjects. A limited number of
studies reporting actual IxS CLR were available (Table 4).
Weighted mean of IxS CLR values reported in healthy subjects
was 65 ± 26 mL/min. Across a CKD population, study average
CLR values ranged from 17.7 to 20.2 mL/min (Table 4).
Average GFR values in these cohorts were 34.3 and 41.1 mL/
min, respectively. Clinical IxS CLR values for both healthy and
advanced CKD (stage IV) for further analysis were taken from
Poesen et al.47 since a correlation between a GFR range and
IxS CLR was reported (e.g., CLR = 0.67 × GFR − 2.57, R2 =
0.55). This allowed calculation of IxS CLR for specific stages of
CKD. Considering that CKD stage IV is defined by a GFR

Table 3. Studies Reporting Indoxyl Sulfate Fraction Unbound in Plasma (IxS fup) in CKD Patients and Healthy Subjectsa

population n
mean GFR
(mL/min)

serum IxS total
(mg/L)b

serum IxS free
(mg/L)b

IxS
fup ref

CKD Patients
prevalent hemodialysis patients 1273 NR 25 ± 12 2.7 ± 1.9 0.11 Shafi et al.50

hemodialysis patients 14 NR 19 (10, 23) 1.3 (0.6, 1.7) 0.07 Camacho et al.51

patients with CKD stage IV or V (nondialyzed) 37 24 ± 8 3.8 (2.6−5.8) 0.15 (0.09−0.2) 0.04 Rossi et al.52

stable CKD patients on peritoneal dialysis 15 NR 7.6 ± 5.3 0.7 ± 0.4 0.09 Eloot et al.53

patients on initiation of maintenance dialysis therapy in the
preceding 3 months

394 NR 17.1 ± 10.2 1.3 ± 1.0 0.07 Shafi et al.54

patients with varying stages of CKD 327 46 ± 25 2.8 (1.5−12.1) 0.11 (0.04−2.1) 0.04 Rossi et al.44

patients on hemodialysis 20 NR 35 ± 9 3.6 ± 2.3 0.10 Sirich et al.55

20 NR 32 ± 12 2.8 ± 1.6 0.09
CKD stage V not undergoing hemodialysis 40 13 ± 6 11.6 (10.9) 1 (1.23) 0.09 Wu et al.56

patients on peritoneal dialysis 46 NR 41 ± 16 4.3 ± 2.6 0.11 Lin et al.57

uremic toxin workgroup 37 ± 27 3.8 ± 2.5 0.10 Eutox database58

weighted mean advanced CKD 24 ± 13c 2.4 ± 2.0c 0.10
Healthy Subjects
healthy subjects 5 142 ± 22 NR 0.03 ± 0.01 0.03 Sirich et al.59

healthy subjects 42 93 ± 12 0.9 (0.4−1.5) 0.02 (0.02−0.02) 0.03 Rossi et al.44

healthy subjects 0.54 ± 4.0 Eutox database58

aValues in the studies were reported as median (interquartile range) or mean ± SD. More detailed information on study characteristics (e.g.
albumin levels, IxS detection method, and time of sampling) can be found in Table S1 as well as additional studies only reporting IxS total
concentrations. NR = not reported. bTo convert value in mg/L to μM for IxS: value × 1000/213 (molecular weight of IxS). cStudies included in
the weighted mean if subjects in the study had advanced stage of CKD (e.g., stage IV/V). In addition, if mean value ± standard deviation was
reported.

Table 4. Studies Reporting Indoxyl Sulfate Renal Plasma Excretion Clearance (IxS CLR) in CKD Patients and Healthy
Subjectsa

population n
mean GFR
(mL/min)

IxS CLR
(mL/min)

% active renal
secretionb

total serum concentrations of
IxS (mg/mL)

IxS
fup ref

CKD Patients
CKD patients (across all
stages)

291 41.1
(28.1−63.1)

20.2
(12.3−34.8)

88 3.2 (1.9−4.9) Suchy-Dicey et al.60

CKD patients (across all
stages)

203 34.3
(23.1−55.9)

17.7
(9.4−33.2)

88 2.04 (1.09−4.0) Poesen et al.47

GFR and CLR values used in
this study

22.5 12.5c

Healthy Subjects
overweight, but otherwise
healthy

25 117 ± 14 67 ± 28 96 0.90 ± 0.42 Rivara et al.61

subjects with normal renal
function

5 142 ± 22 53 ± 7 93 NR 0.03 Sirich et al.59

GFR and CLR values used in
this study

105 67.8c

aValues in the studies were reported as median (interquartile range) or mean ± SD. NR = not reported. bActive renal secretion clearance calculated
as CLR − fup × GFR. fup value of 0.025 was used for healthy subjects and 0.06 for CKD stage IV patients. cIxS CLR calculated using correlation
between GFR and IxS CLR reported by Poesen et al.47
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range of 15−30 mL/min, the midpoint of 22.5 mL/min was

used to calculate the corresponding IxS CLR value (12.5 mL/

min) from linear regression. The average GFR taken for

healthy subjects was 105 mL/min (range 90−120), resulting in
a calculated IxS CLR of 67.8 mL/min for this population.

Quantitative Translation of Transporter in Vitro Data
Obtained in Presence and Absence of Albumin. In vitro
OAT1-mediated uptake clearance of IxS obtained in absence
or presence of HSA or CKD-modified HSA in the incubation
medium was extrapolated to in vivo using the physiologically
based approach (eq 4 and 5) (Table 2). Predicted IxS CLR

Table 5. Sensitivity Analysis Performed in Healthy Subjects To Assess Impact of Uncertainty in Model Input Parameters (e.g.,
Relative OAT1 Expression Factor (REFOAT1) and Proximal Tubule Cells Per g of Kidney (PTCPGK))a

GFR (mL/min) REFOAT1 (dimensionless) PTCPGK (106 cells/g kidney) IxS CLint,u,scaled (mL/min) IxS CLR (mL/min)

Sensitivity Analysis in PTCPGK
105 1 30 171 6.9
105 1 40 228 8.3
105 1 50 285 9.7
105 1 60 343 11.0
105 1 70 400 12.4
105 1 80 457 13.8
105 1 120 685 19.2
Sensitivity Analysis in REFOAT1

105 0.25 60 86 4.8
105 0.33 60 114 5.5
105 0.5 60 171 6.9
105 1 60 343 11.0
105 2 60 685 19.2
105 3 60 1027 27.1
105 4 60 1370 34.8

aPredictions were performed in healthy subjects by varying systems parameters from values of 1.00 (REFOAT1) and 60 (PTCPGK) used as a
starting point. 0.25−4 (REFOAT1) and 30−120 × 106 cells/g kidney (PTCPGK) were explored. Remaining physiological system parameters are as
defined in Table 1 for healthy population.

Table 6. Impact of Changes in Physiologically-Based Scaling Factors (REFOAT1 or PTCPGK) in CKD Population on Predicted
Indoxyl Sulfate Renal Plasma Excretion Clearance Relative to Healthy

GFR
(mL/min) REFOAT1

a
PTCPGKa (106 cells/g

kidney)
IxS CLint,u,scaled
(mL/min)

IxS CLR
(mL/min)

predicted decrease in CLR in CKD relative to healthy
(%)

22.5 1.00 60.0 52.0 4.4 60
22.5 0.25 (75%) 60.0 13.0 2.1 81
22.5 1.00 15.0 (75%) 13.0 2.1 81

aIf shown, number in brackets represents decrease in the scaling factor in CKD population relative to healthy. Remaining physiological system
parameters used for prediction in CKD are as defined in Table 1.

Figure 3. Active secretion of indoxyl sulfate (IxS) in ciPTEC-OAT1 cells in the microfluidic system exposed to either healthy plasma or uremic
plasma. Panel on the left illustrates the experimental design to determine IxS transepithelial transport in the microfluidic system (ECM =
extracellular matrix). ciPTEC-OAT1 cells were perfused with human plasma samples for 10 min at flow rate of 6 mL h−1. The panel on the right
depicts transepithelial transport of IxS when incubated in the presence of uremic plasma (282 ± 4 μM) or healthy plasma spiked with IxS (282
μM) in the absence or presence of probenecid (500 μM). Data are shown as mean ± SD of at least three independent experiments (performed in
duplicate). High variability between individual experiments was evident and may be related to inconsistency in barrier integrity in different
experiments. In addition, the efficacy of probenecid in the basolateral compartment may have been affected in the presence of certain plasma
samples, for unknown reasons.
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values in healthy subjects were 11.0 mL/min and 2.9 mL/min
following translation of in vitro transporter data in presence of
HSA versus absence of HSA, respectively.
Translation of in vitro OAT1-mediated CLint,u obtained in

CKD-modified albumin condition predicted a 60% decrease in
IxS CLR in CKD stage IV relative to healthy subjects. The
predicted relative contribution of active secretion to IxS CLR
was 76% in healthy subjects and 70% in CKD stage IV (Table
2). Although translational method captured disease-related
decrease in IxS CLR reasonably well (80% decrease reported
clinically47), it was apparent that absolute IxS CLR values in
both CKD patients and healthy subjects were significantly
under-predicted (observed CLR is 12.5 and 67.8 mL/min,
respectively, Table 4). To rationalize these trends and
investigate the impact of uncertainty in some of the model
input parameters on the predicted IxS CLR, sensitivity analysis
was performed (Table 5, range of scaling factors explored is
based on reported literature62−65). The analysis demonstrated
sensitivity of the model to PTCPGK (range tested: 30−120 ×
106, resulting in predicted CLR of 6.9- 19.2 mL/min) and
REFOAT1 (range tested: 0.25−4, resulting in predicted CLR of
4.8−34.8 mL/min). Because of lack of data in CKD, initial
quantitative prediction of CLR in CKD assumed that these
physiological scaling factors do not change with disease
progression, which is unlikely. Subsequent analysis where
either number of proximal tubule cells or OAT1 expression
(captured by REFOAT1) were decreased proportionally to GFR
(approximately 75% in CKD stage IV) recovered clinically
observed decrease in CLR in advanced CKD patients relative to
healthy (Table 6).
Transepithelial Transport of Indoxyl Sulfate in

ciPTEC-OAT1. To assess the ability of microfluidic system
to capture physiological complexities of CKD, IxS trans-
epithelial transport was investigated upon perfusion with
plasma from renal healthy controls spiked with IxS (282 μM)
or plasma from CKD patients with the same IxS concentration
(as measured). Transepithelial transport of IxS across ciPTEC-
OAT1 monolayers was evident in all conditions (Figure 3),
with unaltered cell viability and barrier function (Figure S2). A
55% reduction in transepithelial transport rate was observed in
the presence of uremic plasma compared to plasma from renal
healthy controls spiked with IxS (2270 ± 700 vs 4140 ± 320
pmol/min/106 cells, Figure 3). Transepithelial transport
decreased (>85%) by coperfusion with probenecid.

■ DISCUSSION
The concept of albumin-facilitated drug transport has been
postulated and rationalized by the presence of membrane
“albumin receptors” that facilitate uptake of highly albumin-
bound drugs in hepatocytes.66−68 Recently, a similar
mechanism has been proposed for uptake via renal OAT
transporters.11,18 Clinical data in CKD patients report
increased IxS accumulation and reduced extent of IxS binding
to albumin in this population.15 However, the potential role of
albumin-facilitated OAT1 transport in either healthy or CKD
subjects and its effect on IxS CLR are not understood. To this
end, the impact of albumin (either healthy or CKD-modified)
in cell culture medium on active IxS secretion via OAT1 was
studied in a novel microfluidic system. To increase clinical
relevance of generated in vitro data, a quantitative physiolog-
ically based translational approach was applied to predict the
extent of change in IxS CLR in CKD relative to the healthy
population. IxS was selected as a compound of interest due to

availability of clinical data in both populations, its high extent
of binding to albumin in healthy subjects, and the fact that
active secretion via OATs contributes predominantly to its
renal excretion.
In vitro data on active IxS uptake in ciPTEC-OAT1 showed

augmented transporter affinity in the presence of albumin
compared to albumin-free condition (Table 2). Increased IxS
OAT1 CLint,u was attributed not only to higher IxS affinity for
OAT1 but also to increased maximum transporter rates in
HSA condition. One possibility is that albumin facilitates
access to transporter binding site by overcoming the
electrochemical barrier, especially for organic anions. Liter-
ature evidence supporting albumin-facilitated transport has
mainly focused on hepatic drug transporters.66,69−71 Albumin-
facilitated active transport observed here for IxS indicates
relevance of this mechanism for renal OAT1 transporter, but
additional mechanistic studies and inclusion of a wider range of
drugs (e.g., ranging in fraction bound to albumin, fraction
actively secreted by proximal tubule, etc.) are required.
In addition to reduced plasma albumin concentration, CKD

is also associated with post-translational guanidinylation of
albumin.15 Guanidinylation appears to cause conformational
change in albumin and was proposed as explanation for lower
extent of IxS binding to albumin isolated from CKD patients
compared to albumin from healthy controls. Rueth et al.15

suggested that the impact of additional unknown post-
translational modifications on binding capacity of albumin in
CKD patients might be low. Therefore, CKD-modified
albumin synthesized with only guanidinylation post-transla-
tional modification in albumin was used in the current study.
Our in vitro data showed decreased affinity of unbound IxS for
OAT1 and a reduction in overall OAT1-mediated uptake
CLint,u in the presence of CKD-modified HSA compared to
unmodified albumin. Measuring and accounting for IxS
binding in different albumin conditions was crucial to avoid
bias in interpretation of transporter binding affinity data, as
illustrated by the four-fold increase in unbound Km in CKD-
modified HSA relative to HSA condition (Table 2), in contrast
to marginal change in uncorrected Km under the same
conditions. Current findings imply that both binding and
alteration in albumin-facilitating transport are contributing to
decreased IxS uptake via OAT1 in CKD. One possibility is that
albumin modification in CKD results in reduced binding
capacity, but stronger binding to albumin compared to healthy
condition.15

Quantitative translation of IxS in vitro unbound intrinsic
clearance represents the first application of this approach for
the transporter kinetic data generated in microfluidic system.
IVIVE of data obtained in albumin or CKD-modified albumin
condition predicted the observed relative decrease in CLR in
CKD stage IV compared to renal healthy subjects. In the first
instance, REFOAT1 and PTCPGK physiological scaling factors
were kept the same for both healthy and CKD due to lack of
quantitative data on these scalars. To address the 20%
discrepancy between predicted and observed changes in IxS
CLR, reduction in REFOAT1 and PTCPGK as a result of disease
was explored in the model. The transporter protein expression
(REFOAT1) or tubular cellularity (PTCPGK) were reduced
proportional to changes in GFR, in line with the intact
nephron hypothesis (Table 6). This approach resulted in
excellent agreement between predicted decrease in IxS CLR in
CKD and the clinical observations.

Molecular Pharmaceutics Article

DOI: 10.1021/acs.molpharmaceut.9b00681
Mol. Pharmaceutics 2019, 16, 4551−4562

4558

http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.9b00681/suppl_file/mp9b00681_si_001.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.9b00681


Although the translational approach captured relative
decrease in IxS CLR well, it was apparent that absolute CLR
values in both healthy controls and CKD patients were
significantly under-predicted. This under-prediction trend has
been reported previously for translation of both hepatic and
renal transporter kinetic data.40,69,72 In the current study,
contribution of OAT3 to IxS uptake was not taken into
account. The affinity of IxS for OAT3 is 7−10-fold lower
relative to OAT19,10 and therefore lack of consideration of
OAT3 is not anticipated to be a major contributor to the
under-prediction trend noted. Existing knowledge gaps or
uncertainty in some of the renal physiological parameters and
scaling factors, in particular for CKD population, hamper
accurate prediction of mechanistic renal drug disposi-
tion.25,29,31 The analysis performed here highlighted sensitivity
of the CLR prediction model to both REFOAT1 and PTCPGK
values emphasizing the need for accurate determination of
these physiological scaling factors for specific patient
populations like CKD. Current evidence and data on absolute
OAT1 protein abundance in healthy subjects are limited to few
studies,73−75 whereas no OAT1 protein expression data are
reported in CKD patients. The importance of determination of
OAT1 protein abundance in cell lines used in the microfluidic
system to inform the REF scalar is also emphasized.
Evaluation of predictive performance of the in vitro data

generated in the microfluidic system is also affected by the
quality of available in vivo data used for comparison. High
intra- and intervariability in total/free IxS concentrations was
evident in CKD patient groups with similar severity of disease
(Table 3, S1). This variability may reflect differing diets, the
inflammatory microenvironment and gut microbiota, which
may impact IxS production,76 but may also be related to IxS
detection methods used.77 Ideally, clinical studies should
report plasma IxS CLR in healthy subjects and in specific CKD
stages, together with data on the free fractions of IxS in plasma,
especially considering that relatively small changes in total
concentration of a tightly bound ligand may result in large
fluctuations in the free fraction.78

In addition to quantitative translational efforts, preliminary
studies were performed to mimic complex interplay between
uremic solutes and changes in albumin in CKD. ciPTEC-
OAT1 cells were perfused with plasma from renal healthy
control spiked with IxS or plasma isolated from CKD patients
to assess potential combined effects of multiple uremic solutes
present in CKD and albumin modifications on OAT1
transporter activity. The preliminary transepithelial transport
data showed ability of the microfluidic system to capture
reduced overall IxS secretion in uremic plasma relative to renal
healthy controls. Further mechanistic studies are required to
delineate the impact of individual mechanisms and to
investigate quantitative translation of such data. At this stage
quantitative translation of transepithelial transport data is not
well established due to lack of adequate mechanistic data and
corresponding scaling factors.
In conclusion, the findings of the current study support the

hypothesis of albumin-facilitated active transport via OAT1. As
such, inclusion of albumin in physiologic concentrations is
recommended for in vitro OAT1 assays, particularly for highly
albumin-bound compounds. In addition, current findings
highlight the impact of modifications of plasma albumin on
active transport of IxS via OAT1 in vitro. For the first time, this
study applied quantitative translation of transporter kinetic
data generated in a novel microfluidic system to a clinically

relevant setting and identified important knowledge gaps
required for quantitative prediction of renal drug disposition.
We envisage that the application of novel microfluidic systems
together with mechanistic modeling of in vitro data will
significantly increase our understanding of underlying
processes responsible for the accumulation of uremic toxins
and provide valuable input in PBPK models to support model-
informed dose recommendations for this patient population.
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