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ABSTRACT

Cell models to investigate intestinal absorption functions, such as
those of transporters and metabolic enzymes, are essential for oral
drug discovery and development. The purpose of this study was to
generate intestinal epithelial cells from human induced pluripotent
stem cells (hiPSC-IECs) and then clarify whether the functions of
hydrolase and transporters in them reflect oral drug absorption in
the small intestine. The hiPSC-IECs showed the transport activities
of P-glycoprotein (P-gp), breast cancer resistance protein (BCRP),
and peptide transporter 1 (PEPT1), revealed by using their probe
substrates ([3H]digoxin, sulfasalazine, and [14C]glycylsarcosine),
and the metabolic activities of CYP3A4, CES2, and CES1, which
were clarified using their probe substrates (midazolam, irinotecan,
and temocapril). The intrinsic clearance by hydrolysis of six ester

prodrugs into the active form in hiPSC-IECs was correlated with the
plasma exposure (Cmax, AUC, and bioavailability) of the active form
after oral administration of these prodrugs to rats. Also, the
permeability coefficients of 14 drugs, containing two substrates of
P-gp (doxorubicin and [3H]digoxin), one substrate of BCRP (sulfa-
salazine), and 11 nonsubstrates of transporters (ganciclovir, [14C]
mannitol, famotidine, sulpiride, atenolol, furosemide, ranitidine,
hydrochlorothiazide, acetaminophen, propranolol, and antipyrine)
in hiPSC-IECs were correlated with their values of the fraction of
intestinal absorption (Fa) in human clinical studies. These findings
suggest that hiPSC-IECs would be a useful cell model to investigate
the hydrolysis of ester prodrugs and to predict drug absorption in the
small intestine.

Introduction

Successful prediction of human intestinal absorption can help
minimize the number of drug candidates dropped owing to pharmaco-
kinetic problems during human clinical phase studies of oral drug
discovery and development. Oral drug absorption is influenced by
transporters and metabolic enzymes expressed in intestinal epithelial
cells. P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP)
are important efflux transporters in the small intestine, and there is
some clinical relevance in the oral absorption of substrates of these
transporters being restricted by efflux transport via these trans-
porters [including such substrates as digoxin, fexofenadine, aliskiren,
dabigatran (P-gp substrates) and sulfasalazine, atorvastatin, and
rosuvastatin (BCRP substrates)] (Simpson and Jarvis, 2000; Fenner
et al., 2009; Keskitalo et al., 2009; Tapaninen et al., 2011; Kusuhara

et al., 2012; Delavenne et al., 2013). Peptide transporter 1 (PEPT1) is
also involved in transport from the intestinal lumen into epithelial cells
of b-lactam antibiotics and ACE inhibitors (Rubio-Aliaga and Daniel,
2008). In addition to transporters, CYP3A4, of all P450 isoforms, is the
most abundantly expressed in human small intestine and contributes to
the intestinal first-pass metabolism of many substrates, such as
midazolam and nifedipine (Rashid et al., 1995; Paine et al., 1996, 2006;
Gröer et al., 2014; Miyauchi et al., 2016; Akazawa et al., 2018). CES2 is
also an important hydrolytic enzyme in the small intestine involved in
converting an ester prodrug, such as irinotecan, into its active form
(Humerickhouse et al., 2000). To properly predict human intestinal drug
absorption from in vitro assessment, a comprehensive cell model of the
functions of transporters and metabolic enzymes in human small
intestine is desirable.
Caco-2 cells, a human colon carcinoma cell line, have been widely

used to predict the fraction of intestinal absorption (Fa) in humans during
drug discovery and development. However, it is difficult to investigate
the intestinal first-pass metabolism, because Caco-2 cells do not express
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metabolic enzymes such as CYP3A4 (Prueksaritanont et al., 1996;
Taipalensuu et al., 2001). Furthermore, Caco-2 cells also show
different expression patterns of carboxylesterase (CES) isozymes
compared with those in the human small intestine; CES2 is more
highly expressed than CES1 in human small intestine, whereas CES1
is more highly expressed than CES2 in Caco-2 cells (Imai et al.,
2005). Thus, hydrolysis of CES1 substrates, such as temocapril and
dabigatran etexilate, has been reported to be overestimated in Caco-2
cells compared with human small intestine (Imai et al., 2005; Ishiguro
et al., 2014). These findings show the risk of mistaken prediction of oral
absorption of prodrugs.
In recent years, several researchers have succeeded in generating

intestinal epithelial cells from human induced pluripotent stem cells
(hiPSCs) (Spence et al., 2011; Kauffman et al., 2013; Ogaki et al., 2013;
Forbester et al., 2015; Iwao et al., 2015; Ozawa et al., 2015; Uchida et al.,
2017). Human induced pluripotent stem cell–derived intestinal epithelial
cells (hiPSC-IECs) would be a good tool to predict the absorption of
oral drugs in humans, because they are reported to have the functions
of transporters, such as BCRP and PEPT1, as well as of metabolic
enzymes, such as CYP3A4 and CES2 (Iwao et al., 2015; Ogaki et al.,
2015; Ozawa et al., 2015; Kodama et al., 2016; Kabeya et al., 2017;
Uchida et al., 2017). Unlike Caco-2 cells, hiPSC-IECs show an expres-
sion pattern of CES isozymes similar to the human small intestine;
CES2 is expressed at levels higher than CES1 (Kabeya et al., 2017).
This suggests that hiPSC-IECs would be more useful than Caco-2
cells for investigating the intestinal hydrolysis of CES substrates, such
as ester prodrugs, but it is unknown whether the hydrolysis in hiPSC-
IECs reflects the in vivo function of intestinal hydrolysis. In addition,
Kodama et al. (2016) demonstrated that the permeabilities across
hiPSC-IEC monolayers via passive diffusion were correlated with
Fa values in humans, but it has not been clarified whether human
intestinal absorption of substrates for transporters can be accurately
predicted by using hiPSC-IECs.
Therefore, the purpose of this study was to generate hiPSC-IECs and

to find whether the functions of hydrolase and transporters in hiPSC-
IECs can reflect oral drug absorption in the small intestine. First, the in
vitro hydrolysis activities of ester prodrugs in hiPSC-IECs was
compared with the plasma exposures [Cmax, area under the plasma
concentration-time curve (AUC), and bioavailability (BA)] of the
active form in rats, as they are relevant to in vivo hydrolysis
activities. Second, the permeabilities of 14 drugs, containing two
substrates of P-gp (doxorubicin and [3H]digoxin), one substrate of
BCRP (sulfasalazine), and 11 nonsubstrates of transporters (ganciclovir,
[14C]mannitol, famotidine, sulpiride, atenolol, furosemide, ranitidine,
hydrochlorothiazide, acetaminophen, propranolol, and antipyrine), were
compared with human Fa values.

Materials and Methods

Materials. A human iPS cell line (TkDA3-4), established as described
previously (Takayama et al., 2010), was graciously provided by Dr. Makoto
Otsu (The Institute of Medical Science, The University of Tokyo, Tokyo, Japan).
All studies with human iPS cells were approved by the Ethics Committee on
Human Tissue and Genome Research at Shionogi & Co., Ltd. (Toyonaka, Japan).
The Caco-2 cell line was purchased from the American Type Culture Collection
(Rockville, MD). Total RNAs of human adult small intestines pooled from five
donors (20–61 years old) and human fetal small intestine from one donor
(26 weeks of gestation) were purchased from Clonetech (Palo Alto, CA) and
BioChain Institute Inc. (Newark, CA), respectively. Six ester prodrugs (prodrugs
A, B, C, D, E, and F) and the active forms, candidates for anti-influenza virus
agents, were in-house compounds synthesized by Shionogi & Co., Ltd.; these
prodrugs were hydrolyzed into the same active form (Supplemental Fig. S1;
Supplemental Table S1). All other reagents were of the highest quality available.

Animals. Male Sprague-Dawley (SD) rats (8 weeks of age) were purchased
from CLEA Japan Inc. (Osaka, Japan). Rats were maintained on a 12-hour
light/dark cycle in a temperature- and humidity-controlled environment with free
access to food and water. At more than 3 days before the experiment, a cannula
tube was inserted into the jugular vein of each rat under ether anesthesia. All
animal studies were approved by the Committee for Animal Care and Use at
Shionogi & Co., Ltd.

Cultivation of hiPSC-IEC and Caco-2 Cell Monolayers on Transwell
Inserts. HiPSC-IECs were generated from hiPSCs according to the preparation
methods as described in the Supplemental Data. Generated hiPSC-IECs were
seeded on porous polyester membrane 24-well Transwell inserts (0.4-mm pore
size and 0.33-cm2 filter area) (Corning Inc., Corning, NY) coated with 0.5 mg/ml
of laminin 511-E8 (iMatrix-511; Nippi, Tokyo, Japan) at a density of 3.0 � 105

cells/cm2. Cells were cultured with intestinal epithelial cell (IEC) maintenance
medium [Advanced DMEM/F12 (Thermo Fisher Scientific, San Jose, CA)
supplemented with 500 ng/ml R-Spondin 1 (R&D Systems, Minneapolis, MN),
100 ng/ml Noggin (R&D Systems), 50 ng/ml epidermal growth factor (EGF;
R&D Systems), 2 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA),
100 IU/ml penicillin-streptomycin (Thermo Fisher Scientific), 15 mM HEPES
(Thermo Fisher Scientific), 2% (v/v) B27 supplement (Thermo Fisher Scien-
tific), 1% N2 supplement (Thermo Fisher Scientific), 1 mM N-acetylcysteine
(MilliporeSigma, St. Louis, MO), 10 nM human gastrin 1 (Peptide Institute,
Osaka, Japan), and 500 nM A-83-01 (Tocris, Bristol, UK)] containing 10 mM
Y-27632 (Fujifilm Wako Pure Chemical Ind. Ltd., Osaka, Japan) for 3 days as
described in a previous report (Sato et al., 2011). Themediumwas then changed to
IEC maintenance medium without Y-27632, and cultured for 20–22 days with
medium changed every 2 or 3 days.

Caco-2 cells were cultured inDMEM (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (Equitech-Bio, Kerrville, TX), 1% non-essential
amino acid (NEAA), 100 IU/ml of penicillin-streptomycin, and 6 mMHEPES on
a 10-cm culture dish. Cells were harvested with trypsin (0.25%)-EDTA (1 mM)
and seeded on porous polyester membrane Transwell filters (0.4-mmpore size and
0.33-cm2 filter area) at a density of 1.3� 105 cells/cm2. The culture medium was
replaced every 2 or 3 days.

The resistance (V) of hiPSC-IEC and Caco-2 cell monolayerswasmeasured on
each Transwell insert by a Millicell ERS-2 system (EMD Millipore, Bedford,
MA), and corrected for background resistance with an insert that did not contain
cells. The transepithelial electrical resistance (TEER; V � cm2, an index of the
formation of tight junctions) of hiPSC-IEC and Caco-2 cell monolayers was
determined as the product of the resistance (V) and the surface area of insert
(0.33 cm2). All cultures were performed at 37�C in a humidified atmosphere of
5% CO2 and 95% air.

Quantification of Gene Expression of Transporters and Metabolic
Enzymes Using a Quantitative Polymerase Chain Reaction. Total RNAs of
human iPS cells, hiPSC-IECs, and Caco-2 cells were isolated by using a PureLink
RNA Mini Kit (Invitrogen/Thermo Fisher Scientific, Carlsbad, CA). The
quantitative polymerase chain reaction (qPCR) analyses for nine genes [P-gp,
BCRP, PEPT1, CYP3A4, CYP3A7, CES1, CES2, UDP-glucuronosyltransferase
(UGT)1A1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (primer
1)] were performed by means of a 7500 Real Time PCR System (Applied
Biosystems, Carlsbad, CA) using a TaqMan Fast Universal PCR Master Mix
(Applied Biosystems). Three CYP3A isoforms, CYP3A4, CYP3A5, and
CYP3A7, are known to express in human small intestine (Miyauchi et al.,
2016). The present study measured the gene expression of CYP3A4 and CYP3A7
as predominant CYP3A isoforms in adult and fetal human small intestine,
respectively (Shin et al., 2009; Betts et al., 2015; Miyauchi et al., 2016). The
cDNA was synthesized with a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). The reaction solution for cDNA synthesis consisted of
10 ml of RNA, 2 ml of 10� RT buffer, 2 ml of 10� RT random primers, 0.8 ml of
25� dNTPMix (100 mM), 1 ml of MultiScribe Reverse Transcriptase (50 IU/ml;
Thermo Fisher Scientific), and 4.2 ml of distilled water. The reverse transcription
reactions were conducted with an Applied Biosystems 7500 Real Time PCR
System under the following conditions: 25�C for 10 minutes, 37�C for
120 minutes, and 85�C for 5 minutes. The resulting cDNA samples were
subjected to qPCR analyses. The reaction solution consisted of 1 ml of cDNA,
1 ml of TaqMan primer-probe set (Applied Biosystems), 10 ml of 2 � TaqMan
Fast Universal PCR Master Mix, and 8 ml of distilled water. The qPCR reactions
were performed under the following conditions: 95�C for 10 seconds, followed by
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50 cycles of 95�C for 3 seconds, 60�C for 30 seconds. Information on the
TaqMan primer-probe set is given in Supplemental Table S2. The expression
level of each target gene was normalized relative to that of GAPDH (primer 1).
The relative expression of the target gene to GAPDH was calculated using the
comparative DCt method, where DCt is obtained by subtracting Ct of GAPDH
from the target gene. The relative expression levels of target gene to GAPDH
were expressed as 22DCt.

Transcellular Transport Study across hiPSC-IEC and Caco-2 Cell
Monolayers. MES transport buffer and HEPES transport buffer were used for
transcellular transport experiments. Transport buffers contained 1.26 mM CaCl2,
0.493 mM MgCl2, 0.407 mM MgSO4, 5.33 mM KCl, 0.441 mM KH2PO4,
12.8mMNaHCO3, 138 mMNaCl, 0.338mMNa2HPO4, 30.6mMD-glucose, 5%
fetal bovine serum, and either 25 mM MES (MES transport buffer) or 25 mM
HEPES (HEPES transport buffer). The pH values of theMES transport buffer and
HEPES transport buffer were adjusted to 6.0 and 7.4 with NaOH or HCl,
respectively. The conditions of transcellular transport studies across hiPSC-IEC or
Caco-2 cell monolayers are described in the following sections: Transport
Activities of P-gp and BCRP in hiPSC-IEC Monolayers, Transport Activities of
PEPT1 in hiPSC-IEC Monolayers, Metabolic Activities of CYP3A4, CES2, and
CES1 in hiPSC-IEC and Caco-2 Cell Monolayers, Hydrolytic Activities of Six
Ester Prodrugs in hiPSC-IEC Monolayers, Permeation Experiment of 14 Drugs
Across hiPSC-IEC Monolayers for Comparison of Papp Values with Human Fa.

Transport Activities of P-gp and BCRP in hiPSC-IEC Monolayers. The
functions of P-gp and BCRP were examined by means of bidirectional (apical-to-
basolateral and basolateral-to-apical) transcellular transport studies in hiPSC-IEC
monolayers. The functional assessments of P-gp andBCRPwere not performed in
Caco-2 cell monolayers in the present study. [3H]Digoxin (1mM, 1.0mCi/ml) and
cyclosporin A (10 mM) were used as a probe substrate and an inhibitor for P-gp,
respectively, and sulfasalazine (2mM) andKO143 (0.1mM)were used as a probe
substrate and an inhibitor for BCRP, respectively. Prior to the transcellular
transport experiments, both sides of the cell monolayers were preincubated with
HEPES transport buffer in the presence or absence of each transporter inhibitor for
30 minutes. After preincubation, the transport experiment was initiated by
replacement with HEPES transport buffer containing each transporter substrate in
the presence or absence of each transporter inhibitor on the donor side, and
replacement without each transporter substrate in the presence or absence of each
transporter inhibitor on the receiver side. The cell monolayers were incubated at
37�C under gentle shaking with a horizontal rotary shaker (MMS-1; EYELA,
Tokyo, Japan). Aliquots of solution were collected from the receiver compartment
1, 2, and 3 hours after addition of each probe substrate, and the same volume of
fresh transport buffer was immediately added except for the sampling at 3 hours.

The apparent permeability coefficient (Papp) (cm/s) of each compound was
calculated according to the following equation:

Papp ¼ dQ

dt
� 1
A� C0

ð1Þ

where dQ/dt (pmol/s) is the flux rate of the test compound across the monolayer
and is determined by the slope of the plots of the cumulative permeated amount on
the receiver side versus time using linear regression analysis of the transcellular
transport. A is the surface area of the monolayer (0.33 cm2), and C0 (pmol/ml) is
the initial concentration of test compounds on the donor side.

The contributions of efflux activities of P-gp and BCRP were defined by the
efflux ratio as follows:

Efflux ratio ¼ Papp; b to a

Papp; a to b
ð2Þ

where Papp, b to a (cm/s) and Papp, a to b (cm/s) represent the apparent permeability
coefficients in the basolateral-to-apical direction and apical-to-basolateral di-
rection, respectively.

Transport Activities of PEPT1 in hiPSC-IEC Monolayers. The function
of PEPT1 was examined by means of unidirectional (apical-to-basolateral)
transcellular transport studies. The basolateral-to-apical transcellular transport
studies were not performed in hiPSC-IEC monolayers. In this study, the function
of PEPT1 was also not examined in Caco-2 cell monolayers. Prior to transcellular
transport experiments, cell monolayers were preincubated with MES transport
buffer on the apical side and with HEPES transport buffer on the basolateral side

in the presence or absence of a PEPT1 inhibitor (10 mM unlabeled glycylsarco-
sine) for 30 minutes, respectively. The transport experiment was initiated by
replacement with MES transport buffer containing [14C]glycylsarcosine (10 mM,
1.0 mCi/ml), a PEPT1 substrate, in the presence or absence of 10 mM unlabeled
glycylsarcosine on the apical side, andwithHEPES transport buffer without [14C]-
glycylsarcosine in the presence or absence of 10 mM unlabeled glycylsarcosine
on the basolateral side. The cell monolayers were incubated at 37�C under gentle
shaking with a horizontal rotary shaker (MMS-1). The aliquots of solution were
collected from the basolateral side 1, 2, and 3 hours after adding [14C]-
glycylsarcosine, and then the same volume of fresh transport buffer was
immediately added except for the sampling at 3 hours. The values of Papp

(cm/s) of [14C]glycylsarcosine across hiPSC-IEC monolayers were determined
according to eq. 1.

Metabolic Activities of CYP3A4, CES2, and CES1 in hiPSC-IEC and
Caco-2 Cell Monolayers. The functions of CYP3A4, CES2, and CES1 were
examined bymeans of unidirectional (apical-to-basolateral) transcellular transport
studies performed under the same conditions as described in Transport Activities
of PEPT1 in hiPSC-IEC Monolayers except for sampling times. Cells were
preincubated with each metabolic enzyme inhibitor [0.5 or 10 mM ketoconazole
(a CYP3A4 inhibitor), 100 mM telmisartan (a CES2 inhibitor), or 500 mM bis-
p-nitrophenyl phosphate (BNPP) (a CES inhibitor)] for 30 minutes. The
preincubation buffer was replaced with MES transport buffer containing each
metabolic enzyme substrate [2 mM midazolam (a CYP3A4 substrate), 100 mM
irinotecan (a CES2 substrate), or 100 mM temocapril (a CES1 substrate)] in the
presence or absence of each metabolic enzyme inhibitor as described above on the
donor side, and replaced with HEPES transport buffer without each metabolic
enzyme substrate in the presence or absence of each metabolic enzyme inhibitor
on the receiver side. The aliquots of solution were collected from the apical and
basolateral compartments 2 hours after adding each probe substrate, cell monolayers
were washed with HEPES transport buffer, then test substrates in the cells were
extracted with acetonitrile.

The contribution of drug metabolism to drug permeation across the cell
monolayer was defined by the extraction ratio proposed by Fisher et al. (1999).
The extraction ratio (%) was calculated according to the following equation:

Extraction ratio ¼ +metaboliteðAP;BL;CellÞ
+ parentðBL;CellÞ þ+metaboliteðAP;BL;CellÞ

� 100 ð3Þ

where + parent(BL, Cell) (pmol) is the summed amount of parent compound
(midazolam, irinotecan, or temocapril) in basolateral (BL) and intracellular (Cell)
compartments at the end of the study, and +metabolite(AP, BL, Cell) (pmol) is the
summed amount of the metabolites (1-OHmidazolam, SN-38, or temocaprilat) in
apical (AP), basolateral, and intracellular compartments at the end of the study.

Hydrolytic Activities of Six Ester Prodrugs in hiPSC-IEC Monolayers.
The function was examined by means of unidirectional (apical-to-basolateral)
transcellular transport studies across hiPSC-IEC monolayers under the same
conditions as described in Metabolic Activities of CYP3A4, CES2, and CES1 in
hiPSC-IEC and Caco-2 Cell Monolayers.

The intrinsic clearance (CLint) (ml/min) of each prodrug was calculated
according to the following equation:

CLint ¼
+AFðAP;BL;CellÞ=t

C0;PDðAPÞ
ð4Þ

where+AF(AP, BL, Cell) (pmol) is the summed amount of the active form in apical
(AP), basolateral (BL), and intracellular (Cell) compartments at the end of the
study, t is the reaction time (120 minutes), and C0, PD(AP) is the initial
concentration of test prodrugs on the apical side.

Permeation Experiment of 14 Drugs across hiPSC-IEC Monolayers for
Comparison of Papp Values with Human Fa. The apical to basolateral
permeabilities of 14 drugs (ganciclovir, doxorubicin, sulfasalazine, [14C]
mannitol, sulpiride, famotidine, ranitidine, atenolol, furosemide, hydrochlo-
rothiazide, [3H]digoxin, acetaminophen, propranolol, and antipyrine) were
measured under the same conditions as described in Transport Activities of
PEPT1 in hiPSC-IEC Monolayers except for sampling times. Test concentra-
tions of ganciclovir, doxorubicin, [14C]mannitol, sulfasalazine, and [3H]
digoxin were set at 100, 2, 10 (20 mCi/ml), 2, and 1 mM (1 mCi/ml),
respectively, and the test concentration of the other nine drugs (famotidine,
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sulpiride, atenolol, furosemide, ranitidine, hydrochlorothiazide, acetamino-
phen, propranolol, and antipyrine) was set at 10 mM. For propranolol and
antipyrine transport studies, sampling times were set at 30, 60, and 90 minutes,
and for the other 12 compound transport studies, sampling times were set at 1,
2, and 3 hours.

In transcellular transport assessment using Caco-2 cells, the Km values of
doxorubicin, digoxin for P-gp, and sulfasalazine for BCRP were reported to
be .100, 177, and 369 mM, respectively (Liang et al., 2000; Troutman and
Thakker, 2003; Kim et al., 2013). The concentrations of these drugs in the present
study were well below their reported Km values, assuming that these transporters
were not saturated.

When the drug migration in the gastrointestinal tract is assumed to follow a
well stirred model according to the previous report (Amidon et al., 1988), the
following equations are obtained:

Cout=Cin ¼ ef2 ðS=VÞ�Papp�tresg ð5Þ
Cout=Cin ¼ 12Fa ð6Þ

Fa ¼ 12 ef2 ðS=VÞ�Papp�tresg ¼ e2 SF�Papp ð7Þ
ðSF5 ðS=VÞ� tresÞ

where Cin and Cout represent the drug concentration of the inlet and outlet of the
gastrointestinal tract, respectively. S and V represent the surface area and volume
of the gastrointestinal tract per unit length of the small intestine, respectively. The
term tres represents the average residence time of drugs in small intestine. Papp

represents the permeability coefficient of intestinal epithelial cells and can be
estimated by transcellular transport study across hiPSC-IEC monolayers. Since S,
V, and tres are treated as fixed values, SF (the empirical scaling factor) can be
obtained by the fitting study between Papp in hiPSC-IECs and human Fa of
14 drugs using a nonlinear least-squares method by XLfit software (ID Business
Solution, Guildford, UK).

Pharmacokinetic Studies of Six Ester Prodrugs in Rats. For oral
administration studies of six ester prodrugs, each was suspended in an aqueous
solution of 0.5% (w/v) methylcellulose 400 centipoise (cP) at a concentration of
1 mg/5 ml per kilogram as its active form and orally administrated to rats (n = 2 or
3). Rats had been anesthetized with isoflurane and catheterized into the jugular
vein for subsequent blood sampling 3 days before the experiment. Blood samples
were collected from the jugular vein with a heparinized syringe 0.25, 0.5, 1, 2, 4,
6, 8, and 24 hours after administration.

For intravenous administration studies of the active form, this form was
dissolved in dimethyl acetamide and propylene glycol solution (1:1, v/v) at a
concentration of 1 mg/1 ml per kilogram, and administered via the caudal vein to
rats (n = 3). Blood samples were collected from the jugular vein with a heparinized
syringe 0.033, 0.083, 0.25, 0.5, 1, 2, 4, 6, 8, and 24 hours after administration.

The collected blood samples were centrifuged at 1310g for 10 minutes at 4�C,
and the resulting supernatants were collected as plasma samples. The pharma-
cokinetic parameters for the plasma concentration of the active form were
calculated via noncompartmental analysis by using WinNonlin 5.0 software
(Pharsight, Mountain View, CA) with uniform weighting. The Cmax (ng/ml) was
the maximum concentration among the sampling times (0.25, 0.5, 1, 2, 4, 6, 8, and
24 hours after oral administration). The AUC (ng � h/ml) was calculated by the
linear trapezoidal method. BA (%) was calculated using the following equation:

BA ¼ AUCp:o:

�
Dosep:o:

AUCi:v:=Dosei:v:
� 100 ð8Þ

where AUCp.o. andDosep.o. represent AUC (ng� h/ml) of the active form and the
dose of prodrugs (1 mg/kg as the active form) for oral administration of prodrugs,
respectively. AUCi.v. and Dosei.v. represent AUC (ng � h/ml) of the active form
and dose (1mg/kg) for intravenous administration of the active form, respectively.

Measuring Radioactivity Using a Liquid Scintillation Counter. Samples
of radiolabeled compounds, [14C]mannitol, [3H]digoxin, and [14C]glycylsarcosine,
were mixed with Pico-Fluor Plus (PerkinElmer/Thermo Fisher Scientific). The
radioactivity levels were measured using a liquid scintillation counter (Tri-Carb
3100TR; PerkinElmer).

Quantification of Test Compounds Using Liquid Chromatography–
Tandem Mass Spectrometry. The concentrations of test compounds except for
radiolabeled compounds were quantified using liquid chromatography–tandem

mass spectrometry (LC-MS/MS). The samples were stored at 220�C until
determination of the compounds. For the transcellular transport studies in hiPSC-
IECs and Caco-2 cells, a 6-fold volume of acetonitrile was added to the samples,
whereas for the pharmacokinetic studies in rat, a 12.5-fold volume of acetonitrile
was added to samples. The samples were centrifuged at 1880g for 5 minutes at
4�C, and then the resulting supernatants were injected into the LC-MS/MS
system. The measurement conditions for LC-MS/MSwere developed in Shionogi
&Co., Ltd. The detailed LC-MS/MS conditions are shown in Supplemental Table
S4. Chromatogram ion counts were determined by usingAnalyst software version
1.6 (SCIEX, Framingham, MA) or MassLynx software version 4.1 (Waters
Corporation, Milford, MA).

For the quantifications of test compounds using LC-MS/MS, a calibration
curve was prepared using a dilution series of each compound. The concentrations
of calibration standards are back-calculated, and the difference between the back-
calculated concentration of the calibration standard and its nominal concentration
was determined. The present study accepted the range of calibration standards if
the difference between the back-calculated concentration of the calibration
standard and its nominal concentration was within 615%, and the lowest
concentration in the calibration standard was defined as a limit of quantification.

Statistical Analysis. The statistical significance of differences between two
groups was determined by Student’s t test. A value of P , 0.05 was considered
statistically significant.

Results

Generation of hiPSC-IECs. Differentiation from hiPSCs to human
intestinal epithelial cells was verified by determining the differentiation
markers for hiPSCs, definitive endoderms (DEs), hindguts (HGs), and
intestinal epithelial cells, according to the differentiation methods
described in Supplemental Data. In the differentiated DEs, the gene
expression levels of DE markers, SRY (sex-determining region Y)-box
(SOX)17, forkhead box protein A2 (FOXA2), and GATA binding
protein 4 (GATA4), were markedly higher than in hiPSCs (Supplemen-
tal Fig. S2A). Immunofluorescence analysis also showed that the protein
expression of SOX17 was detected in DEs but not in hiPSCs
(Supplemental Fig. S2B). The differentiated HGs dramatically increased
the gene expression level of HG marker caudal type homeobox
2 (CDX2) compared with that in hiPSCs and DEs (Supplemental Fig.
S2A). The protein expression of CDX2was also detected in HGs but not
in hiPSCs and DEs by immunofluorescence analysis (Supplemental Fig.
S2B). Furthermore, undifferentiated markers octamer-binding transcrip-
tion factor 3/4 (OCT3/4) and SOX2 gradually decreased in the process of
differentiation of DEs and HGs (Supplemental Fig. S2A). When hiPSC-
IECs isolated from intestinal organoids by means of the magnetically
activated cell-sorting technique were cultured on Transwell insert for
21 days, the gene expressions of the enterocyte markers leucine-rich
repeat containing G protein-coupled receptor 5 (LGR5) and intestine-
specific homeobox (ISX), the intestinal epithelial markers villin-1 (VIL)
and sucrase–isomaltase (SI), the paneth cell marker lysozyme (LYZ), the
endocrine cell marker chromogranin A (CHGA), and the goblet cell
markers mucin 2 (MUC2) and trefoil factor 3 (TFF3) increased
compared with those in hiPSCs (Supplemental Fig. S3).
Gene Expression of Transporters and Metabolic Enzymes in

hiPSC-IECs, iPSCs, Caco-2 Cells, Adult Small Intestine, and Fetal
Small Intestine. The gene expression levels of transporters (P-gp,
BCRP, and PEPT1) and metabolic enzymes (CYP3A4, CYP3A7,
CES1, CES2, and UGT1A1) in hiPSC-IECs 21 days after cultivation
on Transwell inserts (day 21) were compared with adult and fetal small
intestine, Caco-2 cells, hiPSCs, and hiPSC-IECs before cultivation on
Transwell inserts (day 0) (Fig. 1).
Comparing the gene expression between day 0 and day 21 of hiPSC-

IECs showed higher expression levels at day 21 than at day 0 for P-gp,
BCRP, PEPT1, CYP3A4, CES2, and UGT1A1 (5.13-, 16.7-, 2.08-,
5.06-, 1.70-, and 3.29-fold, higher, respectively), although there were no
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significant differences for PEPT1 and CYP3A4 expression between day
0 and day 21. In contrast, molecules showing lower expression levels at
21 day than at 0 day were CYP3A7 and CES1 (3.87- and 7.38-fold,
lower, respectively). For the comparison of expression between
hiPSC-IECs of 21-day cultivation and adult small intestine, P-gp,
BCRP, PEPT1, CYP3A4, CES1, CES2, and UGT1A1 in hiPSC-IECs
were expressed at 11.1-, 11.6-, 4.59-, 274-, 336-, 16.4-, and 4.46-fold
lower levels than those in adult small intestine, respectively. Comparing
expression between hiPSC-IECs of 21-day cultivation and Caco-2 cells,
P-gp, BCRP, PEPT1, and CES1 expressions were 4.55-, 3.76-, 1.02-,
7580-fold, respectively, lower in hiPSC-IECs than in Caco-2 cells,
whereas CYP3A4, CYP3A7, CES2, and UGT1A1 expressions were
30.6-, 18.8-, 1.33-, 16.9-fold higher, respectively, in hiPSC-IECs than in
Caco-2 cells.
Formation of Tight Junction in hiPSC-IEC and Caco-2 Cell

Monolayers. The TEER value and the permeability of [14C]mannitol, a

paracellular marker, was examined to evaluate tight junction forma-
tion in hiPSC-IEC monolayers. The TEER value in hiPSC-IEC
monolayers on 24-well Transwell inserts was recorded every 1–3 days
until 21 days after seeding on Transwell inserts. The TEER values in
hiPSC-IEC monolayers increased in a time-dependent manner and
reached 3296 20 (V� cm2) 21 days after seeding on Transwell inserts
(Fig. 2A). In contrast, the TEER values in Caco-2 cell monolayers were
891 6 26 (V � cm2) 21 days after seeding on Transwell inserts,
significantly higher than those in hiPEC monolayers. The Papp values of
[14C]mannitol in hiPSC-IEC and Caco-2 cell monolayers 21 days after
seeding on Transwell inserts were 0.222 6 0.020 (�1026 cm/s) and
0.167 6 0.007 (�1026 cm/s), respectively (Fig. 2B). There was no
significant difference in the Papp values of [14C]mannitol between
hiPSC-IECs and Caco-2 cells. These results suggested that hiPSC-IECs
formed tight junctions. Detail discussion for formation of tight junction
in hiPSC-IECs is described in the Supplemental Data.

Fig. 2. TEER values of hiPSC-IEC monolayers (A) and the Papp of [
14C]mannitol in hiPSC-IEC and Caco-2 cell monolayers (B). (A) HiPSC-IEC monolayers were cultured

on 24 well Transwell inserts for 21 days. The TEER values (V � cm2) of hiPSC-IEC monolayers were determined as the product of the resistance (V) and the surface area of
insert (0.33 cm2). Each data item represents the mean (6S.E.M.) of six independent cells. (B) The Papp value of [14C]mannitol (10 mM, 20 mCi/ml) in the apical-to-
basolateral direction was measured in hiPSC-IEC and Caco-2 cell monolayers 21 days after seeding on Transwell inserts. Each data item represents the mean (6S.E.M.) of
three independent experiments.

Fig. 1. Gene expression levels of metabolic enzymes and transporters in adult small intestine, fetal small intestine, Caco-2 cells, hiPSCs, and hiPSC-IECs. The gene
expression levels of metabolic enzymes and transporters in adult small intestine (adult intestine), fetal small intestine (fetal intestine), Caco-2 cells, hiPSCs, and hiPSC-IECs
were examined by qPCR analysis as described in Materials and Methods. The total RNAs of adult intestine and fetal intestine were purchased from Clonetech and BioChain
Institute Inc., respectively. The total RNAs of Caco-2 cells, hiPSCs, and hiPSC-IECs were isolated using PureLink RNA Mini Kit. Caco-2 cells and cultured on Transwell
inserts for 21 days, and hiPSC-IECs were cultured on Transwell inserts for defined periods; day 0 represents the cells before seeding on Transwell insert, and day 7, day 14,
and day 21 represent the cells cultured on Transwell insert for 7, 14, and 21 days. The expression level of each gene was normalized by that of GAPDH, and the relative
expression (22DCt) was calculated as described in Materials and Methods. Each data point represents the means (6S.E.M.) of triplicate analyses of a single sample except for
CYP3A4 in hiPSCs (n = 2) and CYP3A7 in adult intestine (n = 1). * and # indicate significant difference in the quantitative value compared with hiPSC-IECs 21 day after
seeding on Transwell insert (*P , 0.05; #P , 0.01). ‡The gene was not detected.
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Functional Expression of P-gp and BCRP in hiPSC-IEC
Monolayers. The bidirectional (apical-to-basolateral and basolateral-
to-apical) transcellular transport studies across hiPSC-IEC mono-
layers were performed to investigate the function of P-gp and BCRP
in hiPSC-IECs. The Papp values of [

3H]digoxin (a P-gp substrate) in
the basolateral-to-apical direction were significantly higher than those
in apical-to-basolateral direction (efflux ratio, 2.43 6 0.18), and the
efflux ratio decreased to 0.743 6 0.083 by 10 mM cyclosporin A (a
P-gp inhibitor) (Fig. 3A). Also, the Papp values of sulfasalazine (a
BCRP substrate) in the basolateral-to-apical direction were signifi-
cantly higher than that in the apical-to-basolateral direction (efflux
ratio, 3.65 6 0.49), and the efflux ratio decreased to 1.16 6 0.33 by
0.1 mM KO143 (a BCRP inhibitor) (Fig. 3B). The membrane
localizations of P-gp and BCRP in hiPSC-IECs were not measured
by immunofluorescence confocal microscopy. However, the func-
tional analysis of the P-gp and BCRP indicate that P-gp and BCRP are
expressed in the apical membrane of hiPSC-IECs. Detail discussion
for membrane localizations of P-gp and BCRP in hiPSC-IECs is
described in the Supplemental Data.

Functional Expression of PEPT1 in hiPSC-IEC Monolayers. The
apical-to-basolateral transport activity across hiPSC-IEC monolayers
was measured to investigate the function of PEPT1 in hiPSC-IECs. The
Papp value of 10 mM [14C]glycylsarcosine (a PEPT1 substrate) was 7.90
6 0.31 (�1026 cm/s) and decreased to 1.566 0.17 (�1026 cm/s) in the
presence of a high concentration (10 mM) of unlabeled glycylsarcosine
(Fig. 3C). The result of functional analysis in the transcellular transport
study indicates that PEPT1 is expressed in the apical membrane of
hiPSC-IECs. See detailed discussion of membrane localizations of
PEPT1 in hiPSC-IECs in the Supplemental Data.
Functional Expression of CYP3A4, CES2, and CES1 in hiPSC-

IEC Monolayers. The metabolic activities of CYP3A4, CES2, and
CES1 in iPSC-IECs and Caco-2 cells were determined by the extraction
ratio calculated by using eq. 3. The extraction ratio of metabolism of
midazolam (a substrate of CYP3A4) to 1-OHmidazolam in hiPSC-IECs
was 0.5346 0.009 (%), and decreased to 0.3226 0.009 (%) and 0.0821
6 0.0064 (%) in the presence of 0.5 and 10 mM ketoconazole (an
inhibitor of CYP3A4), respectively (Fig. 4A). The extraction ratio
in Caco-2 cells was 0.06236 0.0038 (%) and also decreased to 0.0404

Fig. 3. Transcellular transport of [3H]digoxin (A) and sulfasalazine (B), and [14C]glycylsarcosine (C) across hiPSC-IEC monolayers. (A) The Papp value of [3H]digoxin
(1 mM, 1 mCi/ml) in the apical-to-basolateral (open column) and basolateral-to-apical directions (closed column) across hiPSC-IEC monolayers were measured in the
absence (control) and presence of cyclosporin A (10 mM). * and # indicate significant difference in the Papp value in the basolateral-to-apical direction compared with that in
the apical-to-basolateral direction (*P , 0.05; #P , 0.01). (B) The Papp value of sulfasalazine (2 mM) in the apical-to-basolateral (open column) and basolateral-to-apical
directions (closed column) across hiPSC-IEC monolayers were measured in the absence (control) and presence of KO143 (0.1 mM). # indicates significant difference in the
Papp value in the basolateral-to-apical direction compared with that in the apical-to-basolateral direction (#P , 0.01). (C) The Papp value of [

14C]glycylsarcosine (10 mM, 0.5
mCi/ml) in the apical-to-basolateral direction across hiPSC-IEC monolayers were measured in the absence (control) and presence of high concentration (10 mM) of unlabeled
glycylsarcosine. Each data point represents the mean (6S.E.M.) of three independent experiments. # indicates significant difference in the Papp value in the presence of
unlabeled glycylsarcosine compared with that of control (#P , 0.01).
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6 0.0023 (%) and 0.04146 0.0032 (%) in the presence of 0.5 and 10mM
ketoconazole, respectively (Fig. 4A).
The extraction ratio of metabolism of irinotecan (a CES2 substrate) to

SN-38 in hiPSC-IECs was 3.52 6 0.15 (%) and decreased to 2.42 6
0.17 (%) in the presence of 100 mM telmisartan (a CES2 inhibitor)
(Fig. 4B). The extraction ratio in Caco-2 cells was 3.966 0.55 (%) and
also decreased to 2.306 0.30 (%) in the presence of 100mM telmisartan

(Fig. 4B). SN-38 is glucuronidated to SN-38 glucuronide by UGT1A1
(Hanioka et al., 2001). However, the positive chromatogram peak of
SN-38 glucuronide by LC-MS/MS analysis was not detected in all
samples of metabolic assessment of irinotecan in hiPSC-IECs and Caco-
2 cells (data were not shown).
The extraction ratio value of metabolism of temocapril (a CES1

substrate) to temocaprilat in the absence and presence of 500 mMBNPP
(a CES inhibitor) in hiPSC-IECs were 4.176 0.22 (%) and 5.186 0.30
(%), respectively (Fig. 4C). In contrast, the extraction ratio in Caco-2
cells was 99.0 6 0.1 (%) and decreased to 1.29 6 0.07 (%) in the
presence of 500 mM BNPP (Fig. 4C).

Comparison of Hydrolysis Activity of Six Prodrugs Between
hiPSC-IEC Monolayers and Pharmacokinetic Parameters in Rats.
The hydrolysis activities of six ester prodrugs (prodrugs A, B, C, D, E,
and F) to a common active form in hiPSC-IEC monolayers were
assessed by CLint determined using eq. 4. The values of Cmax, AUC, and
BA of the six prodrugs in SD rat were calculated from the plasma
concentrations of the active form after oral administrations of the six
prodrugs. As shown in Fig. 5 and Supplemental Table S5, the CLint
values of the six prodrugs in hiPSC-IEC monolayers were correlated
with Cmax, AUC, and BA in SD rat (correlation coefficients were 0.840,
0815, and 0.815, respectively).

Comparison of the Papp Values of 14 Drugs across hiPSC-IEC
Monolayers with Their Fa Values in Humans. To examine whether
Fa values in humans can be predicted from the values of Papp across
iPSC-IEC monolayers, the Papp values of 14 compounds (ganciclovir,
doxorubicin, [14C]mannitol, famotidine, sulpiride, atenolol, sulfasalazine,
furosemide, ranitidine, hydrochlorothiazide, [3H]digoxin, acetamino-
phen, propranolol, and antipyrine) across iPSC-IECs were compared
with their human Fa values taken from previous reports (Zhao et al.,
2001; Sugano et al., 2002; Varma et al., 2010). If multiple Fa values were
reported in these publications, the median value was calculated and used
(Supplemental Table S6). As shown in Fig. 6, the Papp values of
14 compounds in iPSC-IECs were correlated well with human Fa values
(Fig. 6; Supplemental Table S6).
The value of SF in eq. 7 was calculated as 2.96 from the correlation

plot between the values of Papp in hiPSC-IECs and human Fa of
14 drugs. Hence, the following equation for prediction of human Fa
values from the Papp values in hiPSC-IECs can be obtained:

Fa ¼ e2 2:96�Papp ð9Þ

As a result of the regression statistics between the predicted values of
human Fa on the basis of the above equation and the observed ones of
14 drugs, the determination coefficient was calculated to be 0.691. For
12 compounds, except for [14C]mannitol and ranitidine, the predicted
human Fa values were within three fold-differences compared to
observed ones (Supplemental Table S6).

Discussion

Many researchers have succeeded in generating hiPSC-IECs to show
functions of intestinal transporters andmetabolic enzymes (Spence et al.,
2011; Kauffman et al., 2013; Ogaki et al., 2013; Forbester et al., 2015;
Iwao et al., 2015; Ozawa et al., 2015; Uchida et al., 2017). However,
whether these functions in oral drug absorption can be predicted using
hiPSC-IECs remained to be clarified. This study is the first to
demonstrate that the hydrolysis of six ester prodrugs into the active
form in hiPSC-IECs was correlated with the plasma exposures of the
active form after oral administration of these prodrugs in rats.
Furthermore, the Papp values of 14 drugs, containing substrates of
P-gp and BCRP, were correlated with their human Fa values.

Fig. 4. Metabolism of midazolam (A), irinotecan (B), and temocapril (C) in hiPSC-
IEC and Caco-2 cell monolayers. The extraction ratio, a parameter of the contribution
of metabolism to permeation across cell monolayers, was determined by means of
apical-to-basolateral transcellular transport study in hiPSC-IECs and Caco-2 cells
according to the description in Materials and Methods. (A) White, gray, and black
columns represent extraction ratio of metabolism of midazolam (2 mM) to 1-OH
midazolam in the absence (control) and presence of ketoconazole (0.5 and 10 mM)
in hiPSC-IECs and Caco-2 cells, respectively. (B) White and gray columns
represent extraction ratio of metabolism of irinotecan (100 mM) to SN-38 in the
absence (control) and presence of telmisartan (100 mM) in hiPSC-IECs and Caco-
2 cells, respectively. (C) White and gray columns represent extraction ratio of
metabolism of temocapril (100 mM) to temocaprilat in the absence (control) and
presence of BNPP (500 mM) in hiPSC-IECs and Caco-2 cells, respectively. Each
datum represents the mean 6 S.E.M. (n = 3). * and # indicate significant difference
in the value of extraction ratio in the presence of inhibitor compared with that of
control (*P , 0.05; #P , 0.01).
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P-gp, BCRP, and PEPT1 play important roles in intestinal drug
absorption. The functions of BCRP and PEPT1 in hiPSC-IECs have
been previously reported (Iwao et al., 2015; Ogaki et al., 2015; Ozawa
et al., 2015; Kodama et al., 2016; Uchida et al., 2017), whereas the
present study is the first to reveal the functional expression of P-gp in
hiPSC-IECs. The Papp value of [3H]digoxin (a P-gp substrate) in the
basolateral-to-apical direction was greater than that in the apical-to-
basolateral one (efflux ratio, 2.43), and the differences in Papp in these
two directions disappeared in the presence of cyclosporin A (efflux ratio,
0.743) (Fig. 3A). The efflux ratio of digoxin in human jejunum on the
basis of the Ussing chamber technique was reported to be 5.41 (Sjöberg
et al., 2013), and the value was 2.25-fold higher compared with the
present study. We found 11.1-fold lower gene expression of P-gp in
hiPSC-IECs than in adult human small intestine (Fig. 1), supporting the
difference in P-gp activity between hiPSC-IECs and human jejunum.
Besides P-gp, the efflux transport of sulfasalazine (a BCRP substrate)
and influx transport of [14C]glycylsarcosine (a PEPT1 substrate) were
reduced by inhibitors of BCRP and PEPT1, indicating that hiPSC-IECs
have the transport activities of BCRP and PEPT1 (Fig. 3, B and C).
These results showed that hiPSC-IECs can be used to investigate drug
absorption of the substrates of P-gp, BCRP, and PEPT1, although gene
expression levels of these transporters in hiPSC-IECs were lower than
those in adult intestine (Fig. 1).
CYP3A contributes to intestinal first-pass metabolism. Our study of

CYP3A4 activity in hiPSC-IECs showed that midazolam was metab-
olized to 1-OH midazolam, and the metabolizing activity of CYP3A4
was higher in hiPSC-IECs than in Caco-2 cells (Fig. 4A). This reflects

the difference in the gene expression of CYP3A4 between hiPSC-IECs
and Caco-2 cells (Fig. 1). Since the gene expression level of CYP3A4
was 274-fold lower in hiPSC-IECs than in human small intestine (Fig.
1), the metabolic activity of CYP3A4 in hiPSC-IECs was surmised to be
lower than in human small intestine.
In this study, hiPSC-IECs showed lower expression of transporters

and metabolic enzymes than human small intestine. A previous report
suggested that hiPSC-IECs more closely resemble fetal rather than adult
intestine by unsupervised hierarchical clustering of RNA-sequencing
data (Finkbeiner et al., 2015). Miki et al. (2005) demonstrated that P-gp
and CYP3A4 were more highly expressed in adult than fetal intestine.
Taken together, hiPSC-IECs represent immature characteristics. We
showed that the gene expression level of CYP3A4 in hiPSC-IECs
cultured on Transwell filter for 21 days tended to be higher than that
before cultivation on Transwell filter, whereas the expression of
CYP3A7, a predominant CYP3A isoform in fetal human small intestine
(Shin et al., 2009; Betts et al., 2015), in hiPSC-IECs decreased when
cultivated on Transwell filter (Fig. 1). This expression pattern might
imply the development of hiPSC-IECs from fetal to adult form. Since the
expressions of transporters and metabolic enzymes are still low
compared with human small intestine, the culture conditions for further
enhancing the degree of maturation and expression of transporters and
metabolic enzymes in hiPSC-IECs needs to be clarified.
CES is involved in the hydrolysis of ester prodrugs. There are two

major isoforms (CES1 and CES2) in humans, and CES2 is highly
expressed in small intestine (Hosokawa, 2008). CES1 is more highly
expressed than CES2 in Caco-2 cells (Imai et al., 2005). Since there is a

Fig. 5. Comparison of hydrolysis activity of
six ester prodrugs in hiPSC-IEC monolayers and
pharmacokinetic parameters in rats. CLint, a
parameter of hydrolysis activity of ester prodrugs
into the active form, was determined by means
of the apical-to-basolateral transcellular transport
study in hiPSC-IECs as described in Materials
and Methods. The CLint values of six ester
prodrugs (prodrugs A, B, C, D, E, and F) in
hiPSC-IECs were compared with the pharma-
cokinetic parameters (A) Cmax, (B) AUC, and
(C) BA, in rats. These pharmacokinetic param-
eters of six prodrugs in rats were calculated
from the plasma concentrations of the active
form after oral administration of six prodrugs
and intravenous administration of the active
form. Six ester prodrugs and the active form are
in-house compounds synthesized by Shionogi
& Co., Ltd., and these six prodrugs are all
hydrolyzed into the same active form. Each
value of CLint in hiPSC-IECs represents the
mean 6 S.E.M. of three determinations. Each
value of Cmax, AUC, and BA in rat represents
the mean of two or three rats.
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difference in substrate specificity between CES2 and CES1 (Hosokawa,
2008), the hydrolysis of ester prodrugs in Caco-2 cells does not reflect
that in human small intestine. Imai et al. (2005) demonstrated that
hydrolysis of temocapril (a substrate of CES1) was not detected in
human small intestinal microsomes but was detected in the S9
membrane fraction of Caco-2 cells. Also, Ishiguro et al. (2014) proposed
that the intestinal absorption of dabigatran etexilate (a substrate of CES1)
was misread using Caco-2 cells owing to overestimation of the
contribution of hydrolysis via CES1. In the present study, the expression
level of CES2 in hiPSC-IECs was almost equal to that in Caco-2 cells,
whereas CES1 was more highly expressed in Caco-2 cells than hiPSC-
IECs (Fig. 1). Likewise, the hydrolysis activity of irinotecan (a substrate
of CES2) was almost the same as that in Caco-2 cells (Fig. 4B), whereas
the hydrolysis activity of temocapril was markedly greater in Caco-2
cells than hiPSC-IECs (Fig. 4C). These results imply that hiPSC-IECs
may be a useful model for studying intestinal hydrolysis activity with
little influence from CES1-mediated hydrolysis compared with Caco-2
cells.
To examine whether in vivo hydrolysis in small intestine can be

investigated using hiPSC-IECs, we compared the hydrolysis of six ester
prodrugs in hiPSC-IECswithCmax, AUC, andBA of the active form after
oral administration to rats. CLint, a parameter reflecting the hydrolysis
rate of a prodrug into its active form, increases as the hydrolysis rate of
the prodrug increases. CLint values of the six prodrugs in hiPSC-IECs
were correlated well with each pharmacokinetic parameter for rats (Fig.
5; Supplemental Table S5). CLint of the prodrugs in hiPSC-IECs
reflected two processes: permeation of the prodrug into the cells and
hydrolysis of the prodrug to its active form in the cells (Supplemental Eq.
S1; Supplemental Fig. S4). However, besides these two processes,
intestinal absorption of prodrugs includes permeation from the intestinal
cells to the portal vein of the active form produced by hydrolysis of
prodrugs (Supplemental Eq. S2; Supplemental Fig. S4). Since the six
prodrugs used in the present study were all hydrolyzed into a common

active form, the permeability of the basolateral efflux of the active form
was the same for these prodrugs (Supplemental Eq. S3). Thus, CLint
values can be correlated with the absorption rate of a prodrug in the
intestinal lumen and with intestinal hydrolysis on the basis of
pharmacokinetic theory. Although we did not confirm species differ-
ences between human and rat small intestine in the hydrolysis activities
of these six prodrugs, CLint of prodrugs in hiPSC-IECs might be useful
as an index for in vivo hydrolysis activities in prodrugs derived from a
common active form. Further study is needed to clarify whether
hydrolysis of prodrugs in hiPSC-IECs also reflects that in human
intestine.
Since hiPSC-IECs formed tight junctions and have the function of

drug transporters, we compared the Papp values of 14 drugs in hiPSC-
IECs with their human Fa values. These 14 drugs included two P-gp
substrates, one BCRP substrate, and 11 nonsubstrates of transporters.
ThePapp values of the 14 drugs in hiPEC-IECswere correlatedwith their
human Fa values (Fig. 6; Supplemental Table S6). This suggested that
hiPSC-IECs could predict the oral absorption of drugs in human small
intestine by various mechanisms, such as passive diffusion and efflux
transport via P-gp and BCRP. According to the previous report (Amidon
et al., 1988), theoretical fitting curve was created between the
values of Papp in hiPSC-IECs and human Fa of 14 drugs. Since the
determination coefficient was high (0.691), it was suggested that the
methodology of prediction of human Fa values from Papp of hiPSC-
IECs was theoretically reasonable. However, predicted humanFa values
of [14C]mannitol and ranitidine showed more than 3-fold differences
compared to observed ones (Supplemental Table S6). There is a possibility
of the contribution of transporters to intestinal absorption. However, as a
result of the parallel artificial membrane permeation assay (PAMPA),
which can predict human Fa of drugs via the passive absorption
processes, the predicted and observed Fa values of [14C]mannitol and
ranitidine were relatively consistent (Sugano et al., 2002). This indicated
that there is little contribution of transporters to intestinal absorption of
[14C]mannitol and ranitidine. It will be necessary to conduct further
studies to clarify the reason why these drugs are outliers.
In conclusion, we generated hiPSC-IECs that possess crucial factors

in drug oral absorption: tight junctions, transporters (P-gp, BCRP, and
PEPT1), and metabolic enzymes (CYP3A4, CES2, and CES1). The
hydrolysis activities of six ester prodrugs into the active form in hiPSC-
IECs were correlated with the plasma exposures of the active form after
oral administration of these prodrugs in rat. Furthermore, the perme-
ability coefficients of 14 drugs in hiPSC-IECs were also correlated with
human Fa values. Therefore, hiPSC-IECs should be a useful cell model
for studying drug absorption in the small intestine. For drugs metabolized
in the small intestine, it is important to predict not only Fa but also the
fraction escaping intestinal extraction (Fg). Since the expression of
CYP3A4 was much lower in hiPSC-IECs than human small intestine,
substrates of CYP3A4 were not used for the prediction of the absorption
in vivo. If this expression level of CYP3A4 is increased in the future
study, it could be expected to calculate the values of Fa � Fg to
accurately predict the oral absorption of the substrates for transporters
and/or metabolic enzymes using hiPSC-IECs.
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Fig. 6. Comparison of Papp values of 14 drugs across hiPSC-IEC monolayers with
their Fa values in humans. The Papp values of 14 drugs was determined by means of
the apical-to-basolateral transcellular transport study across hiPSC-IECs. Ganciclo-
vir, doxorubicin, [14C]mannitol, sulfasalazine, and [3H]digoxin were set at concentrations
of 100, 2, 10 (20 mCi/ml), 2, and 1 mM (1 mCi/ml), respectively, and nine other
drugs at 10 mM. The data for doxorubicin represent the mean of duplicate
experiments, and the data for 13 other drugs represent the mean 6 S.E.M. of
triplicate experiments. 1, ganciclovir; 2, doxorubicin; 3, [14C]mannitol; 4, famotidine; 5,
sulpiride; 6, atenolol; 7, sulfasalazine; 8, furosemide; 9, ranitidine; 10, hydrochloro-
thiazide; 11, [3H]digoxin; 12, acetaminophen; 13, propranolol; 14, antipyrine.
Circle and triangle symbols represent nonsubstrate of transporters and substrate
of P-gp or BCRP. Human Fa values were taken from the literature (Zhao et al.,
2001; Sugano et al., 2002; Varma et al., 2010). If multiple Fa values are reported
in these publications, the median value was calculated and used. The solid line
represents the correlation curve between Papp values and Human Fa values;
Fa = exp (22.96 � Papp).
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Cultivation of hiPSCs. Undifferentiated hiPSCs were maintained on a feeder 

layer of mitomycin C–treated murine embryonic fibroblasts (MEFs) in hiPSC 

maintenance medium [DMEM/F-12 (Sigma-Aldrich) supplemented with 20% (v/v) 

Knockout Serum Replacement (KSR) (Thermo Fisher Scientific), 0.8% (v/v) MEM 

Non-Essential Amino Acids (NEAA) solution (Thermo Fisher Scientific), 1% (v/v) 

L-Glutamine–Penicillin–Streptomycin solution (Sigma-Aldrich), 100 μM 

β-mercaptoethanol (Thermo Fisher Scientific), and 5 ng/mL basic fibroblast growth 

factor (bFGF; ReproCell, Yokohama, Japan)] at 37°C in humidified atmosphere of 5% 

CO2 and 95% air. The medium was changed every day. 

 

Differentiation from hiPSCs into Intestinal Organoids. To generate 

intestinal organoids, hiPSCs were subjected to stepwise differentiation toward DEs, 

HGs, and eventual intestinal organoids. The differentiation methods were conducted 

with minor modifications of the previous report (Spence et al., 2011).  

After hiPSCs were pre-incubated with 10 μM Y27632 for 1 hr, feeder cells 

were removed using dissociation solution (ReproCELL) and colonies of hiPSCs were 

subsequently dissociated into single cells using accutase (Innovative Cell Tech, San 

Diego, CA). Dissociated hiPSCs were seeded on 24 well plates (Corning Inc.) coated 

with Corning Matrigel hESC-Qualified matrix (Corning Inc.) at 3.0 × 10
5
 cells/well, and 

cultured in hiPSC maintenance medium with 10 μM Y27632 for 24 hr. Next, hiPSCs 

were cultured for 3 days in DE differentiation medium [RPMI 1640 medium (Thermo 

Fisher Scientific) supplemented with 100 ng/mL Activin A (R&D systems), 2 mM 

L-glutamine, 100 units/ml penicillin-streptomycin, and varying concentrations of FBS] 

to differentiate into DEs. In this culture, the concentrations of FBS were set at 0% on 
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day 1, 0.2% on day 2, and 2% on day 3. DEs were subsequently cultured for 4 days in 

HG differentiation medium [RPMI 1640 medium supplemented with 500 ng/ml Wnt3a 

(R&D systems), 500 ng/ml fibroblast growth factor 4 (FGF4; R&D systems), 2 mM 

L-glutamine, 100 units/ml penicillin-streptomycin, and 2% FBS] with medium change 

once daily to obtain HGs. After differentiation into HGs, the whole cells in each well 

were collected using a cell scraper, and embedded in 55 μl of Corning Matrigel 

Basement Membrane Matrix (Corning Inc.) containing 500 ng/ml R-Spondin 1, 100 

ng/ml Noggin, and 50 ng/ml EGF on Nunclon delta surface tissue culture dishes 

(Thermo Fisher Scientific). After the Matrigel was solidified at 37°C, the cells were 

cultured with intestinal differentiation medium [Advanced DMEM/F12 supplemented 

with 500 ng/ml R-Spondin 1, 100 ng/ml Noggin, 50 ng/ml EGF, 2 mM L-glutamine, 

100 units/ml penicillin-streptomycin, 15 mM HEPES, and 2% (v/v) B27 supplement] 

for 51-69 days to further differentiate into intestinal organoids. In this incubation, the 

medium was changed every 3 days. All cultures were incubated at 37°C in a humidified 

atmosphere of 5% CO2 and 95 % air. 

 

Isolation of Intestinal Epithelial Cells from Intestinal Organoids. Intestinal 

epithelial cells were isolated by using MACS technique (Miltenyi Biotec, Bergisch 

Gladbach, Germany) with a magnetic microbeads antibody of CD326 (epithelial cell 

adhesion molecule; EpCAM), an epithelial cell marker protein. After intestinal 

organoids were pre-incubated with 10 μM Y27632 for 1 hr, the organoids were washed 

once with PBS, collected into a tube, and incubated in PBS with 2 mM EDTA (Thermo 

Fisher Scientific) and 1 mM dithiothreitol (Sigma-Aldrich) for 30 min at 4°C. The 

suspension was centrifuged at 260 × g for 4 min at room temperature, and the pellet was 
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suspended and incubated in DMEM/F12 (Thermo Fisher Scientific) with 3 units/ml 

Dispase II (Roche, Mannheim, Germany), 1% FBS, and 10 μM Y27632 for 20 min at 

37°C. The cells were filtrated through a 70 μm cell strainer (Corning Inc.) and 

centrifuged at 260 × g for 4 min at room temperature. The pellet was suspended in 500 

μL of MACS buffer (PBS with 0.1 mM EDTA and 0.5% BSA) containing 2% (v/v) FcR 

Blocking Reagent (Miltenyi Biotec) and incubated for 10 min at 4°C to avoid 

non-specific cell labeling. Subsequently, 125 μL of EpCAM MicroBeads (Miltenyi 

Biotec) was added and the cells were incubated for 15 min at 4°C. After addition of 10 

mL of MACS buffer, the suspension was centrifuged at 260 × g for 4 min at room 

temperature. The obtained pellet was resuspended with MACS buffer, applied onto a 

MACS column (Miltenyi Biotec) placed in a MACS magnetic holder (Miltenyi Biotec), 

and 4 mL of MACS buffer was passed through the column three times. Then, the 

column was removed from a magnetic holder, 5 mL of MACS buffer was added to this 

column, and EpCAM positive cells were flushed out by firmly pushing the plunger into 

a tube. After centrifuge at 260 × g for 4 min at room temperature, the resulting pellet 

was defined as hiPSC-IECs in the present study and suspended with IEC maintenance 

medium containing 10 μM Y27632. The cell suspension of hiPSC-IECs was 

subsequently seeded on 24 well Transwell inserts for transcellular transport studies as 

described in Materials and Methods. 

 

Quantification of Gene Expression of Markers of Undifferentiated Cells, 

DEs, HGs, and Small Intestine Using qPCR Analysis. Unlike the qPCR for 

transporters and metabolic enzymes as described in Materials and Methods, qPCR for 

15 genes [OCT3/4, SOX2, SOX17, FOXA2, GATA4, CDX2, LGR5, ISX, VIL, SI, 
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LYZ, CHGA, MUC2, TFF3, and GAPDH (primer 2)] was performed by using an 

Applied Biosystems 7500 Real Time PCR System using an One Step SYBR
®
 

PrimeScript PLUS RT-PCR Kit (Takara Bio Inc., Otsu, Japan), where cDNA synthesis 

and PCR amplification steps are performed in a single reaction. The reaction solution 

consisted of 2 μL of RNA, 0.8 μL of 10 μM forward primer (0.4 μM in reaction 

solution), 0.8 μL of 10 μM reverse primer (0.4 μM in reaction solution), 10 μL of 2 × 

One Step SYBR
®
 RT-PCR Buffer 4, 0.4 μL of PrimeScript PLUS RTase Mix, 1.2 μL of 

TaKaRa Ex Taq HS Mix, 0.4 μL of 50 × ROX Reference Dye II, and 4.4 μL of distilled 

water. The reverse transcription reactions were conducted under the following 

conditions: 42°C for 5 min, 95°C for 10 sec, followed by 50 cycles of 95°C for 5 sec, 

60°C for 34 sec. At the end of each run, a melt curve was generated under the following 

conditions: 95°C for 15 sec, 60°C for 1 min, and then increasing temperature up to 95°C 

at 0.5°C increments. The primer information is shown in Table S3. The expression level 

of each target gene was normalized by that of GAPDH (primer 2). Relative expression 

of the target gene to GAPDH was calculated using the comparative ΔCt method where 

ΔCt is obtained by subtracting Ct of GAPDH from the target gene. The relative 

expression levels of target gene to GAPDH were expressed as 2
-ΔCt

. 

 

Immunofluorescence Staining. HiPSCs, differentiated DEs and HGs were 

washed with PBS, and fixed with 4% formaldehyde for 20 min at room temperature. 

The cells were then washed with PBS and blocked with PBS containing 0.1% 

Triton-X-100 and 10% normal donkey serum (Jackson Immuno Research Labs., West 

Grove, PA) for 45 min at room temperature. After washing with PBS, the cells 

incubated with primary antibodies, 10 μg/mL goat anti-human SOX17 antibody (R&D 
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Systems, Cat. No. AF1924) or prediluted mouse anti-human CDX2 antibody (BioGenex, 

San Ramon, CA, Cat. No. AM392), overnight at 4°C. Primary antibodies were removed 

by washing with PBS, the cells incubated with secondary antibodies, a 1:500 dilution of 

Alexa Fluor 455-labeled donkey anti-goat antibody (Invitrogen, Cat. No. A-11055) or a 

1:500 dilution of Alexa Fluor 455-labeled donkey anti-mouse antibody (Invitrogen, Cat. 

No. A-31570), for 1 hr at room temperature. Secondary antibodies were removed by 

washing with PBS, and the cells were incubated with PBS containing Hoechst 33342 

(1.62 μM) for 15 min at room temperature. After washing with PBS, PBS was finally 

added to the cells, and then the fluorescence was measured using a BZ-X710 All-in-One 

fluorescence microscope (Keyence, Osaka, Japan). 

 

Tight Junction formation in hiPSC-IEC monolayers. An intercellular tight 

junction barrier restricts permeation through the paracellular pathway in the small 

intestine. A previous study demonstrated that the Papp value of lucifer yellow, a marker 

for paracellular transport, in Caco-2 cells conspicuously increased when the TEER 

values were below 200 Ω × cm
2
, but was almost independent of TEER values when 

they were over 200 Ω × cm
2
 (Hashimoto et al., 1994). This suggested that TEER values 

exceeding 200 Ω × cm
2
 are needed to study paracellular transport in epithelial cells. The 

present study showed that the TEER values of hiPSC-IECs increased gradually over 

time, reaching 299 Ω × cm
2
 at 21 days after seeding on Transwell inserts (Fig. 2A). Also, 

the Papp value of [
14

C]mannitol, a marker for paracellular transport, in hiPSC-IECs was 

statistically similar to that of Caco-2 cells showing high TEER values (891 Ω × cm
2
) 

(Fig. 2B). These results suggested that hiPSC-IECs formed tight junctions strong 

enough to allow study of paracellular transport. 
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Membrane localization of the P-gp, BCRP, and PEPT1 in hiPSC-IECs 

from the Result of Functional Analysis in the Transcellular Transport Study. It is 

important to examine the membrane localization of the P-gp, BCRP, and PEPT1 for 

discussing whether hiPSC-IECs can reflect small intestine. In the present study, the 

membrane localization of P-gp, BCRP, and PEPT1 in hiPSC-IECs was not measured by 

immunofluorescence confocal microscopy. However, the membrane localization of 

these transporters can be discussed from the result of functional analysis in the 

transcellular transport study. P-gp and BCRP play a role for the efflux of substrates from 

the intracellular-to-extracellular space by driving force of ATP hydrolysis at the 

intracellular ATP-binding pockets (Higgins and Linton, 2004). PEPT1 transports the 

substrates from the extracellular-to-intracellular space by the proton gradient 

(Rubio-Aliaga and Daniel, 2008). As described in Fig. 3, the Papp values of [
3
H]digoxin 

(a P-gp substrate) and sulfasalazine (a BCRP substrate) in the basolateral-to-apical 

direction were significantly higher than that in apical-to-basolateral direction, and the 

transport of [
14

C]glycylsarcosine was observed in apical-to-basolateral direction (Fig. 3). 

Therefore, P-gp and BCRP in hiPSC-IECs is consider to mediate the efflux of 

intracellular-to-apical side, and PEPT1 in hiPSC-IECs is considered to mediate influx of 

apical-to-intracellular side, indicating that P-gp, BCRP, and PEPT1 could be expressed 

in the apical membrane of hiPSC-IECs, likewise human small intestine. 

 

Pharmacokinetic Theory for Comparison between CLint Determined Using 

hiPSC-IECs and Intestinal Absorption Process of Six Ester Prodrugs. The CLint 

values of six prodrugs in hiPSC-IECs were determined by using (Eq. 4) as described in 
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Materials and Methods. According the pharmacokinetic model of Fig. S4, CLint could 

also be expressed by Eq. S1. 

 

CLint = PSa, inf (PD) × 
CLhydro (PD)

PSa, eff (PD) + PSb, eff (PD) + CLhydro (PD)

     (Eq. S1) 

 

where PSa, inf (PD) (μL/min), PSa, eff (PD) (μL/min), and PSb, eff (PD) (μL/min) represent the 

PS product, the product of the permeability coefficient and the surface area of plasma 

membrane of per intestinal epithelial cell, for the apical influx, apical efflux, and 

basolateral efflux of a prodrug, respectively. CLhydro (PD) (μL/min) represents the 

hydrolysis-mediated clearance of a prodrug into its active form in the intestinal 

epithelial cell. 

As shown in Fig. S4, the equation of CLint reflects two processes: permeation 

of the prodrug into the cells and hydrolysis of the prodrug to its active form in the cells. 

Whereas, besides these two processes, intestinal absorption of prodrugs includes the 

process of the basolateral efflux of the active form produced by hydrolysis of prodrugs 

in the cells. In the present study, we define CLa to b (PD to AF) (μL/min) as the conversion 

clearance from a prodrug in the apical side to its active form in the basolateral side via 

permeation and hydrolysis in intestinal epithelial cells. The equation of CLa to b (PD to AF) 

reflects these three processes: the apical influx of a prodrug, hydrolysis of a prodrug 

into the active form in the cells, and the basolateral efflux of the active form as follows: 

 

CLa to b (PD to AF)  

= PSa, inf (PD) × 
CLhydro (PD)

PSa, eff (PD) + PSb, eff (PD) + CLhydro (PD)

 × 
PSb, eff (AF)

PSa, eff (AF)  + PSb, eff (AF)

     (Eq. S2) 
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where PSa, eff (AF) (μL/min), and PSb, eff (AF) (μL/min) represent the PS product for the 

apical efflux and basolateral efflux of the active form, respectively. 

Hence, Eq. S2 can be converted to Eq. S3 using Eq. S1. 

 

CLa to b (PD to AF) = CLint × 
PSb, eff (AF)

PSa, eff (AF)  + PSb, eff (AF)

 = CLint × α     (Eq. S3) 

 

The value of α reflects the process of the basolateral efflux of the hydrolyzed 

active form. Since the six prodrugs we investigated were all hydrolyzed into a common 

active form in the present study, the α value in Eq. S3 is the same for the six prodrugs 

(Fig. S1).  
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Fig. S1. Structures of six ester prodrugs and their hydrolysis into the active form 

by esterase. Six ester prodrugs (prodrugs A, B, C, D, E, and F) and their active form 

(ROH), the candidates of anti-influenza virus agents, are in-house compounds 

synthesized by Shionogi & Co., Ltd. These six prodrugs are all hydrolyzed into the 

same active form (ROH). The study of structure-activity relationships in the 

development of anti-influenza virus agents containing these compounds will be 

summited for publication.  
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Fig. S2. Marker expressions in hiPSCs, differentiated DEs, and HGs. 

HiPSCs were cultured in the presence of Activin A for 3 days to differentiate DEs, and 
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then the DEs was cultured in the presence of Wnt3a and FGF4 for 4 days to differentiate 

HGs. (A) Gene expression levels of undifferentiated markers (OCT3/4 and SOX2), DE 

markers (SOX17, FOXA2, and GATA4), a HG marker (CDX2) in hiPSCs, DEs, and 

HGs. Total RNA of each cell was extracted at each differentiated stage. Gene expression 

levels of markers were determined by qPCR analysis. Gene expression level of each 

marker was normalized by that of GAPDH and the relative expression (2
-ΔCt

) calculated 

as described in Materials and Methods. Each data item represents the means (± S.E.M.) 

of triplicate analyses in a single sample. * and 
# 

indicate significant difference of the 

quantitative value compared with hiPSCs (*p < 0.05; 
#
p < 0.01). (B) 

Immunofluorescence analysis of SOX17 and CDX2 in hiPSCs, DEs, and HGs. Left 

(green), middle (red), and right (blue) panel showed staining of SOX17, CDX2 and 

Hoechst 33342, respectively. Scale bar represents 100 μm.
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Fig. S3. Gene expression levels of intestinal markers in adult small intestine, fetal small intestine, hiPSCs, and hiPSC-IECs. 

The gene expression levels of intestinal markers in adult small intestine (adult intestine), fetal small intestine (fetal intestine), hiPSCs, 

and hiPSC-IECs were examined by qPCR analysis as described in Materials and Methods section. The total RNAs of adult intestine and 

fetal intestine were purchased from Clonetech and BioChain Institute Inc., respectively. The total RNAs of hiPSCs and hiPSC-IECs 

were isolated using PureLink
®
 RNA Mini Kit. hiPSC-IECs were cultured on Transwell inserts for defined periods; day 0 represents the 

cells before seeding on the Transwell insert, and day 7, day 14, and day 21 represent the cells cultured on the Transwell insert for 7, 14, 

and 21 days. The expression level of each gene was normalized by that of GAPDH, and the relative expression (2
-ΔCt

) calculated as 
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described in Materials and Methods. Each data represents the means (± S.E.M.) of triplicate analyses in a single sample. * and 
# 

indicate 

significant difference of the quantitative value compared with day 21 (*p < 0.05; 
#
p < 0.01). ‡The gene was not detected.
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Fig. S4. Schematic diagram illustrating behavior of a prodrug around intestinal 

epithelial cells. CLa to b (PD to AF) is defined as the conversion clearance from a prodrug in 

the apical side to its active form in the basolateral side through the permeation and 

hydrolysis in intestinal epithelial cells. PS product is also defined as the product of the 

permeability coefficient and the surface area of plasma membrane of per intestinal 

epithelial cell in the present study. PSa, inf (PD), PSa, eff (PD), and PSb, eff (PD) represent the PS 

product for the apical influx, apical efflux, and basolateral efflux of a prodrug, 

respectively. PSa, eff (AF) and PSb, eff (AF) represent the PS product for the apical efflux and 

basolateral efflux of the active form, respectively. CLhydro (PD) represents the 

hydrolysis-mediated clearance of a prodrug into its active form in intestinal epithelial 

cell. 
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Table S1. Generic name of prodrugs A, B, C, D, E, and F and the active form 

Compound Generic name 

Prodrug A 

1-((S)-7,8-difluoro-6,11-dihydrodibenzo[b,e]thiepin-11-yl)-4,6-dioxo-3- 

((R)-1,1,1-trifluoropropan-2-yl)-2,3,4,6-tetrahydro-1H-pyrido[2,1-f][1,2,4] 

triazin-5-yl dimethylcarbamate 

Prodrug B 

((1-((S)-7,8-difluoro-6,11-dihydrodibenzo[b,e]thiepin-11-yl)-4,6-dioxo-3- 

((R)-1,1,1-trifluoropropan-2-yl)-2,3,4,6-tetrahydro-1H-pyrido[2,1-f][1,2,4] 

triazin-5-yl)oxy)methyl (2-methoxyethyl) carbonate 

Prodrug C 

1-((S)-7,8-difluoro-6,11-dihydrodibenzo[b,e]thiepin-11-yl)-4,6-dioxo-3- 

((R)-1,1,1-trifluoropropan-2-yl)-2,3,4,6-tetrahydro-1H-pyrido[2,1-f][1,2,4] 

triazin-5-yl methyl carbonate 

Prodrug D 

((1-((S)-7,8-difluoro-6,11-dihydrodibenzo[b,e]thiepin-11-yl)-4,6-dioxo-3- 

((R)-1,1,1-trifluoropropan-2-yl)-2,3,4,6-tetrahydro-1H-pyrido[2,1-f][1,2,4] 

triazin-5-yl)oxy)methyl methyl carbonate 

Prodrug E 

((1-((S)-7,8-difluoro-6,11-dihydrodibenzo[b,e]thiepin-11-yl)-4,6-dioxo-3- 

((R)-1,1,1-trifluoropropan-2-yl)-2,3,4,6-tetrahydro-1H-pyrido[2,1-f][1,2,4] 

triazin-5-yl)oxy)methyl acetate 

Prodrug F 

1-((S)-7,8-difluoro-6,11-dihydrodibenzo[b,e]thiepin-11-yl)-4,6-dioxo-3- 

((R)-1,1,1-trifluoropropan-2-yl)-2,3,4,6-tetrahydro-1H-pyrido[2,1-f][1,2,4] 

triazin-5-yl acetate 

Active form 

1-((S)-7,8-difluoro-6,11-dihydrodibenzo[b,e]thiepin-11-yl)-5-hydroxy-3- 

((R)-1,1,1-trifluoropropan-2-yl)-2,3-dihydro-1H-pyrido[2,1-f][1,2,4] 

triazine-4,6-dione 
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Table S2. Primer information in real-time RT-PCR using a TaqMan
®
 Universal 

PCR Master Mix 

Gege name 

GenBank 

accession number 

TaqMan Assay 

number 

CYP3A4 NM_017460 Hs00430021_m1 

CYP3A7 NM_000765 Hs00426361_m1 

CES1 NM_001025195 Hs00275607_m1 

CES2 NM_003869 Hs01077945_m1 

UGT1A1 NM_000463 Hs02511055_s1 

P-gp NM_000927 Hs00184500_m1 

BCRP NM_004827 Hs01053790_m1 

PEPT1 NM_005073 Hs00953898_m1 

GAPDH 

(primer 1) 

NM_002046 Hs02758991_g1 
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Table S3. Primer information in real-time RT-PCR using a One Step SYBR
®
 PrimeScript™ PLUS RT-PCR Kit 

Gege name 

GenBank 

accession number 

Primer sequence 

Sense (5'→3') Antisense (5'→3') 

OCT3/4 NM_002701 TGAAGCTGGAGAAGGAGAAGCTG GCAGATGGTCGTTTGGCTGA 

SOX2 NM_003106 TGAGCGCCCTGCAGTACAA GCTGCGAGTAGGACATGCTGTAG 

SOX17 NM_022454 CTGCAGGCCAGAAGCAGTGTTA CCCAAACTGTTCAAGTGGCAGA 

FOXA2 NM_021784 GGTGTACTCCCGGCCCATTA CAGAGTTAGCCGGGCCTGAA 

GATA4 NM_001308093 TTACACGCTGATGGGACTGGAG TCGGTGCTAGAAACACAATGCAA 

CDX2 NM_001265 TTCACTACAGTCGCTACATCACC CTGCGGTTCTGAAACCAGATT 

LGR5 NM_003667 CAGCCATCAAGCAGGTGTTCA ATGCTGGAATGTTTCAGGCTCA 

ISX NM_001303508 TCTCTAGCACCGCTGGATGAA CTGCTACCCAAGTGATGAGCTACTG 

VIL NM_007127 GCTTGGCAACTCTAGGGACTGG TGAGGTTGCTGTTAGCATTGAACAC 

SI NM_001041 AGACAACTATGCACGATGGGACAA CATCCAGCGGGTACAGAGATGA 

LYZ NM_000239 GAGTTACACTCCACAACCTTGAACA CCGTGATCCACAAGGCATTA 

CHGA HM_001275 TTGGAGAGCGAGGTCTTGGAG TGCCTGTCAGCCAGGAATGT 
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MUC2 NM_002457 GATGCAAATGCTGGCATCAAAG CAACCAGCACGTCATCCTGAA 

TFF3 NM_003226 CTGCTGCTTTGACTCCAGGAT CAGCTGGAGGTGCCTCAGAA 

GAPDH 

(primer 2) 

NM_002046 GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA 
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Table S4. Conditions for LC-MS/MS analysis. 

Compound 

LC conditions MS conditions 

Instrument,  

column 

Mobile phase 

Gradient condition 

Time (min); B concentration % 

Flow rate 

(mL/min) 

Instrument,  

Ionization 

Mode 

SRM 

transition 

(m/z) 

A B 

Transcellular transport studies across hiPSC-IECs 

Sulfasalazine 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.20 min; 20% → 0.50-0.90 min; 60% → 

0.91-1.10 min; 95% → 1.11-1.40 min; 20% 

0.75 1, Positive 

399.1 

/223.1 

Midazolam 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.20 min; 20% → 0.50-0.90 min; 60% → 

0.91-1.10 min; 95% → 1.11-1.40 min; 20% 

0.75 1, Positive 

326.1 

/291.1 

1-OH Midazolam 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.20 min; 20% → 0.50-0.90 min; 60% → 

0.91-1.10 min; 95% → 1.11-1.40 min; 20% 

0.75 1, Positive 

342.1 

/203.1 

Irinotecan 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.20 min; 20% → 0.50-0.90 min; 60% → 

0.91-1.10 min; 95% → 1.11-1.40 min; 20% 

0.75 1, Positive 

587.2 

/543.1 

SN38 1, 1 0.1 % FA  MeCN 0-0.20 min; 5% → 0.30-0.90 min; 40% → 0.75 1, Positive 393.2 
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in water 0.91-1.10 min; 95% → 1.11-1.40 min; 5% /263.0 

Temocapril 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 40% → 0.40-0.70 min; 80% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 40% 

0.75 1, Positive 

477.1 

/270.0 

Temocaprilat 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 5% → 0.30-0.70 min; 70% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 5% 

0.75 1, Positive 

449.2 

/190.1 

Ganciclovir 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 5% → 0.50-0.70 min; 20% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 5% 

0.75 1, Positive 

256.1 

/152.1 

Doxorubicin 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 5% → 0.50-0.70 min; 90% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 5% 

0.75 1, Positive 

544.2 

/397.0 

Famotidine 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.20 min; 5% → 0.90-1.10 min; 95% → 

1.11-1.40 min; 5% 

0.75 1, Positive 

338.0 

/189.1 

Sulpiride 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 5% → 0.50-0.70 min; 60% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 5% 

0.75 1, Positive 

342.1 

/112.1 

Atenolol 1, 2 

0.1 % FA  

in water 

MeCN 

0-0.20 min; 5% → 0.60-0.70 min; 80% → 

0.71-1.00 min; 95% → 1.01-1.30 min; 5% 

0.75 1, Positive 

267.2 

/190.1 
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Furosemide 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 20% → 0.60-0.90 min; 60% → 

0.91-1.10 min; 95% → 1.11-1.40 min; 20% 

0.75 1, Negative 

329.0 

/284.9 

Ranitidine 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 5% → 0.50-0.70 min; 80% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 5% 

0.75 1, Positive 

315.1 

/130.1 

Hydrochlorothiazide 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 5% → 0.50-0.70 min; 80% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 5% 

0.75 1, Negative 

295.9 

/268.9 

Acetaminophen 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 5% → 0.50-0.70 min; 80% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 5% 

0.75 1, Positive 

152.1 

/110.1 

Propranolol 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.10 min; 25% → 0.60-0.70 min; 60% → 

0.71-0.90 min; 95% → 0.91-1.20 min; 25% 

0.75 1, Positive 

260.2 

/183.1 

Antipyrine 1, 1 

0.1 % FA  

in water 

MeCN 

0-0.20 min; 5% → 0.50-0.80 min; 80% → 

0.81-1.00 min; 95% → 1.01-1.30 min; 5% 

0.75 1, Positive 

189.1 

/56.1 

Prodrug A 1, 3 

0.1 % FA  

in water 

MeCN 

0-1.30 min; 50% → 0.31-1.50 min; 95% → 

1.51-1.80 min; 50% 

0.55 1, Positive 

595.1 

/247.0 

Prodrug B 1, 3 0.1 % FA  MeCN 0-0.80 min; 53% → 0.81-1.30 min; 95% → 0.75 1, Positive 656.2 
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in water 1.31-1.60 min; 53% /247.0 

Prodrug C 1, 3 

0.1 % FA  

in water 

MeCN 

0-0.80 min; 53% → 0.81-1.30 min; 95% → 

1.31-1.60 min; 53% 

0.75 1, Positive 

582.1 

/247.1 

Prodrug D 1, 3 

0.1 % FA  

in water 

MeCN 

0-0.80 min; 53% → 0.81-1.30 min; 95% → 

1.31-1.60 min; 53% 

0.75 1, Positive 

612.1 

/247.1 

Prodrug E 1, 3 

0.1 % FA  

in water 

MeCN 

0-0.80 min; 53% → 0.81-1.30 min; 95% → 

1.31-1.60 min; 53% 

0.75 1, Positive 

596.1 

/247.0 

Prodrug F 1, 3 

0.1 % FA  

in water 

MeCN 

0-0.80 min; 53% → 0.81-1.30 min; 95% → 

1.31-1.60 min; 53% 

0.75 1, Positive 

566.4 

/247.1 

Active form 

(condition 1) 

1, 3 

0.1 % FA  

in water 

MeCN 

0-1.30 min; 50% → 0.31-1.50 min; 95% → 

1.51-1.80 min; 50% 

0.55 1, Positive 

524.1 

/247.1 

Active form 

(condition 2) 

1, 3 

0.1 % FA  

in water 

MeCN 

0-0.80 min; 53% → 0.81-1.30 min; 95% → 

1.31-1.60 min; 53% 

0.75 1, Positive 

524.1 

/247.1 

Pharmacokinetics studies in rat 

Active form 2, 4 0.1 % FA  MeCN 0-0.90 min; 50% → 0.90-1.10 min; 95% → 0.75 2, Positive 524.0 
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(condition 3) / 0.05 % AA  

in water 

1.11-1.40 min; 50% /247.0 

Active form 

(condition 4) 

2, 4 

0.1 % FA  

/ 0.05 % AA  

in water 

MeCN 

0-0.20 min; 35% → 0.50-0.90 min; 60% → 

0.90-1.10 min; 95% → 1.11-1.40 min; 35% 

0.75 3, Positive 

524.0 

/247.0 

Active form 

(condition 5) 

2, 4 

0.1 % FA  

/ 0.05 % AA  

in water 

MeCN 

0 min; 45% → 0.60-0.80 min; 75% →  

0.81-1.00 min; 45% 

0.75 3, Positive 

524.0 

/247.0 

 

Compounds were quantified by coupling a triple quadrupole mass spectrometer to a high-performance liquid chromatography (HPLC) 

or ultra-performance liquid chromatography (UPLC) system. Compounds were separated and eluted from the column under gradient 

conditions of mobile phase A and B; mobile phase A consisted of either 0.1 % of formic acid (FA) in water or 0.1% of FA and 0.05% 

acetylacetone (AA) in water, and mobile phase B consisted of acetonitrile (MeCN). The eluted compounds were detected by 

electrospray ionization using selected reaction monitoring (SRM) modes. The LC instruments used were either a Nexera X2 UHPLC 

system (Shimadzu, Kyoto, Japan; LC instrument 1) or an Acquity UPLC system (Waters; LC instrument 2). The LC columns used were 

YMC-Triart C18 column (2.1 mm × 50 mm, i.d., 3 μm; YMC, Ltd., Kyoto, Japan; column 1), CAPCELL PAK ADME column (2.1 mm 
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× 50 mm, i.d., 3 μm; Shiseido, Tokyo, Japan; column 2), L-column ODS (2.1 mm × 50 mm, i.d., 3 μm; Chemicals Inspection and 

Institute, Tokyo, Japan; column 3), or Acquity UPLC BEH C18 column (2.0 mm or 2.1 mm × 50 mm, i.d., 1.7 μm; Waters; column 4), 

and the all column temperatures were set at 40 C. The MS instruments used were a Triple Quad 6500 triple quadruple linear ion trap 

mass spectrometer (AB SCIEX, Framingham, MA; MS instrument 1), Quattro Ultima Pt (Waters; MS instrument 2), and API-5000 (AB 

SCIEX; MS instrument 3). The active form was measured under the following conditions. For the hydrolysis studies of prodrugs in 

hiPSC-IECs, condition 1 was employed in the study of prodrug A and condition 2 was employed in the studies of prodrugs B, C, D, E, 

and F. For the oral administration studies of prodrugs in rat, condition 3 was employed in the studies of prodrugs A and C, condition 4 

was employed in the studies of prodrugs B, E, and F, and condition 5 was employed in the study of prodrug D. For the intravenous 

administration study of the active form in rat, condition 5 was employed.  
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Table S5. Hydrolysis activity in hiPSC-IEC monolayers and pharmacokinetic parameters in rats of six ester prodrugs. 

Compound 

Transcellular transport study  

across hiPSC-IEC monolayers 

PK study in rat 

CLint (μL/min) Cmax (ng/mL) AUC (ng×hr/mL) BA (%) 

Prodrug A 0.0239 ± 0.0056 13.5  134.7  4.1  

Prodrug B 0.632 ± 0.040 141  1777  54.3  

Prodrug C 0.655 ± 0.037 59.4  730  22.3  

Prodrug D 0.690 ± 0.055 72.9  929  28.4  

Prodrug E 1.11 ± 0.06 104  1242  38.0  

Prodrug F 1.66 ± 0.13 172  2045  62.5  

 

CLint, a parameter of hydrolysis activity of ester prodrugs into the active form, was determined by means of the apical-to-basolateral 

transcellular transport study in hiPSC-IECs as described in Materials and Methods. The pharmacokinetic parameters (Cmax, AUC, and 

BA) of six prodrugs in rats were calculated from the plasma concentrations of the active form after oral administrations of six prodrugs 

and intravenous administration of the active form. Six ester prodrugs and the active form are in-house compounds synthesized by 

Shionogi & Co., Ltd., and these six prodrugs are all hydrolyzed into the same active form. Each value of CLint in hiPSC-IECs represents 
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the mean ± S.E.M. of three determinations. Each value of Cmax, AUC, and BA in rat represents the mean of two or three rats.  
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Table S6. Prediction of human Fa of values 14 drugs from their Papp values across hiPSC-IEC monolayers. 

Compound 

Papp in hiPSC-IECs 

(×10－
6 
cm/sec) 

Predicted Fa 

Observed Fa 

Median Zhao et al. (2001) Sugano et al. (2002) Verma et al (2010) 

Ganciclovir 0.0175  ± 0.0025  0.05 0.06 0.03 0.03 0.09 

Doxorubicin 0.0758 0.20 0.12 0.007-0.23 not examined 0.12 

[
14

C]Mannitol 0.222  ± 0.020  0.48 0.16 0.16 0.16 not examined 

Famotidine 0.160  ± 0.030  0.38 0.38 0.38 0.38 not examined 

Sulpiride 0.0795  ± 0.0010  0.21 0.40 0.44 0.35 0.44 

Atenolol 0.0972  ± 0.0016  0.25 0.50 0.50 0.50 0.50 

Sulfasalazine 0.221  ± 0.027  0.48 0.59 0.56-0.61 not examined 0.59 

Furosemide 0.467  ± 0.098  0.75 0.61 0.61 0.61 0.61 

Ranitidine 0.0637  ± 0.0026  0.17 0.64 0.39-0.88 0.50 0.65 

Hydrochlorothiazide 0.474  ± 0.119  0.75 0.69 0.65-0.72 not examined not examined 

[
3
H]Digoxin 1.81  ± 0.04  1.00 0.81 0.81 not examined 0.81 

Acetaminophen 17.1  ± 0.4  1.00 0.90 0.80 0.80 1.00 
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Propranolol 39.3  ± 0.3  1.00 0.95 0.99 0.90 0.99 

Antipyrine 23.9  ± 2.5  1.00 0.97 0.97 0.97 0.97 

 

The Papp values of 14 drugs were determined by means of the apical-to-basolateral transcellular transport study across hiPSC-IECs. The 

data of doxorubicin represent the mean of duplicate experiments, and the data of 13 other drugs represent the mean ± S.E.M. of triplicate 

experiments. Human Fa values were taken from the literature (Zhao et al., 2001; Sugano et al., 2002; Varma et al., 2010). If multiple Fa 

values are reported in these literatures, the median value was calculated and used. The predicted Fa values were calculated by using Eq. 

9 as described in Results.  
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