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P-glycoprotein (ABCB1), an ATP-binding cassette efflux transporter, limits intestinal absorption
of its substrates and is a common site of drug—drug interactions. Drug-mediated induction of
intestinal ABCB1 is a clinically relevant phenomenon associated with significantly decreased
drug biocavailability. Currently, there are no well-established human models for evaluating its
induction, so drug regulatory authorities provide no recommendations for in vitro/ex vivo testing
drugs’ ABCB1-inducing activity. Human precision-cut intestinal slices (hPCISs) contain cells in
their natural environment and express physiological levels of nuclear factors required for ABCB1
induction. We found that hPCISs incubated in Wiliam’s Medium E for 48 h maintained intact
morphology, ATP content, and ABCB1 efflux activity. Here, we asked whether rifampicin (a
model ligand of pregnane X receptor, PXR), at 30 uM, induces functional expression of ABCB7 in
hPCISs over 24- and 48-h incubation (the time to allow complete induction to occur). Rifampicin
significantly increased gene expression, protein levels, and efflux activity of ABCB1. Moreover,
we described dynamic changes in ABCB1 transcript levels in hPCISs over 48 h incubation. We
also observed that peaks of induction are achieved among donors at different times, and the
extent of ABCB7 gene induction is proportional to PXR mRNA levels in the intestine. In
conclusion, we showed that hPCISs incubated in conditions comparable to those used for
inhibition studies can be used to evaluate drugs’ ABCB1-inducing potency in the human
intestine. Thus, hPCISs may be valuable experimental tools that can be prospectively used in
complex experimental evaluation of drug—drug interactions.

Keywords: induction, P-glycoprotein (ABCB1 protein), human precision-cut intestinal slices, rifampicin, absorption,
pregnane X receptor

Abbreviations: ABCB1, p-glycoprotein; ACE, accumulation experiments; ACN, acetonitrile; a.u., arbitrary unit; BSA, bovine
serum albumin; CYP, Cytochrome P450; DDI, drug-drug interaction; DMSO, dimethyl sulfoxide; EDTA, ethyl-
enediaminetetraacetic acid; EMA, European Medicines Agency; FDA, U.S. Food and Drug Administration; qRT-PCR,
quantitative reverse-transcription polymerase chain reaction; hPCISs, human precision-cut intestinal slices; IHC, immuno-
histochemistry; PBPK, physiologically based pharmacokinetic modeling; PXR, pregnane X receptor; RHD123, rhodamine 123;
RIF, rifampicin; RXRA, retinoid X receptor alpha; UHHK, the University Hospital Hradec Kralove; UMCG, the University
Medical Center Groningen; WME, William’s medium E.
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INTRODUCTION

P-glycoprotein (ABCB1) is an ATP-binding cassette transporter
localized in the apical (lumen-facing) membrane of human
enterocytes (Varma et al, 2005; Oostendorp et al, 2009;
Giacomini and Huang, 2013). It controls cellular efflux into
the intestinal lumen and thus governs the net intestinal uptake
of its substrates, which include many xenobiotics. Thus, it
provides important protection from absorption of potentially
harmful ingested substances, but less helpfully, it may also
block absorption of various drugs (Varma et al, 2005;
Oostendorp et al., 2009; Giacomini and Huang, 2013). ABCB1
is also the site of clinically relevant drug-drug interactions (DDIs)
(van Roon et al., 2005; Marchetti et al., 2007; Fenner et al., 2009;
International Transporter Consortium, 2010; Giacomini and
Huang, 2013). For example, inhibition of intestinal ABCBLI is
responsible for increases in the bioavailability of dabigatran and
digoxin (Su and Huang, 1996; Martin et al., 2015; Kumar et al.,
2017), whereas its induction reportedly decreases the
bioavailability of, for example, dabigatran, fexofenadine,
digoxin, quinidine, and talinolol (Elmeliegy et al, 2020).
Physiologically based pharmacokinetic modeling (PBPK) and
clinical trials have also indicated possible DDIs (including
reductions in intestinal drug absorption caused by ABCBI
induction) involving other drugs, such as tenofovir disoproxil
fumarate, tenofovir alafenamide (Begley et al., 2018; Dhhs, 2019),
bosutinib (Yamazaki et al., 2018), and nintedanib (Luedtke et al.,
2018). In addition, many DDIs on intestinal ABCB1 may
currently be missed, because in vivo testing does not readily
distinguish between intestinal and hepatic contributions to the
pre-systemic elimination (de Graaf et al., 2010; Groothuis and de
Graaf, 2013). Because of the impact of DDIs on disposition of
many drugs, these interactions should be investigated during both
preclinical and clinical drug development according to the
guidelines recommended by the U.S. Food and Drug
Administration (FDA) in cooperation with the International
Transporter Consortium, or the European Medicines Agency
(EMA) (International Transporter Consortium, 2010; Giacomini
and Huang, 2013; Giacomini et al., 2018; FDA, 2020).

Tests to assess drug-mediated inhibition of intestinal
ABCBI have been established (Guo et al., 2018; Martinec
et al., 2019), but it does not hold true for induction
(Elmeliegy et al.,, 2020; FDA, 2020). Due to limitations of
available methods, the FDA currently does not recommend
a specific in vitro approach for testing investigational drugs’
induction effects on transporters (FDA, 2020). This was also
highlighted in the recent white paper published in 2021, where
authors stated: “A validated in vitro system to study intestinal
P-gp induction currently is not available and quantitative
approach to predict the exposure of inducer drugs in the
gut is still limited. Therefore, for foreseeable future
determining definitively whether a drug induces intestinal
P-gp and subsequent dosing recommendation will be based
on clinical studies in conjunction with PBPK modeling and/or
clinical induction calibration approaches” (Zamek-
Gliszczynski et al., 2021). As a surrogate technique for
predicting the pharmacokinetic effect of PXR-mediated

Rifampicin Induces P-Glycoprotein in hPCISs

ABCBI1 induction in vivo, the FDA currently recommends
using data from CYP3A induction studies as the ABCBI levels
correlate with magnitude of CYP3A induction (Lutz et al,
2018; FDA, 2020).

Studying the induction of intestinal ABCB1 directly in
humans is technically and ethically challenging, and animal
models have major flaws due to differences in induction
cascades and characteristics of nuclear receptor ligands
(Burger et al., 2005; Shirasaka et al., 2006; Rodrigues et al.,
2009). So, drugs’ potential to induce intestinal ABCBI is
usually tested using cell lines, such as Caco-2 (Burger et al,
2005; Shirasaka et al., 2006; Rodrigues et al., 2009), LS180 (Weiss
et al, 2009), or LS174T transfected with nuclear receptors
(Cerveny et al, 2007; Sun et al, 2008; Smutny et al., 2013).
However, expression patterns of transporters and transcription
factors, including pregnane X receptor (PXR) and retinoid X
receptor (RXR), are nonphysiological in these cell lines (Smutny
et al., 2013; Negoro et al., 2016). Moreover, ABCBI1 expression
changes during the differentiation process (Goto et al., 2003), and
between-lab variations in the abundance of transporters in the
cells have been reported (Harwood et al., 2016). All these and
other factors hinder the interpretation of data collected from cell
lines and their extrapolation to situations in vivo (Elmeliegy et al.,
2020). Human intestinal explants have also been described, but
their morphology changes rapidly, and limited data are available
on drug metabolism and transport (Groothuis and de Graaf,
2013). Fortunately, many drawbacks of intestinal explants can be
avoided by preparing human precision-cut intestinal slices
(hPCISs) (Groothuis and de Graaf, 2013). hPCISs are very
thin (250-400 pm) sheets of intestinal mucosa prepared by
slicing tissue embedded in low-gelling temperature agarose (de
Graaf et al, 2010). Large numbers of slices, prepared from
intestinal mucosa, can be obtained from human samples and
used to analyze complex phenomena (Groothuis and de Graaf,
2013), including the toxicity and metabolism of drugs (van de
Kerkhof et al., 2008; de Graaf et al., 2010). We previously used
hPCISs to investigate the inhibitory effect of antiviral drugs on
intestinal ABCBI transporters (Martinec et al, 2019).
Importantly, cells in hPCISs remain in their natural
environment and retain physiological expression of drug-
metabolizing enzymes, membrane transporters, and associated
regulatory factors (van de Kerkhof et al., 2008; Groothuis and de
Graaf, 2013). Moreover, it has been reported that 1-day
incubation does not affect morphology and intracellular ATP
levels, and exposure to rifampicin (RIF), a model ligand of PXR,
increases mRNA levels of ABCBL1 in jejunal hPCISs (van de
Kerkhof et al., 2008).

The remaining questions, which are addressed here, are
based on whether the reported increase in ABCB1 mRNA
levels (van de Kerkhof et al., 2008) is reflected in elevated
protein amount and efflux activity. Furthermore, it was studied
whether morphology, ATP levels, and the induction are
preserved after incubation up to 48h. Moreover, we
investigated the dynamics of changes in levels of ABCBI
transcripts in control and RIF-exposed hPCISs and the
correlation between PXR gene expression and ABCBI
induction.
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MATERIALS AND METHODS

Chemicals

Rhodamine 123 (RHDI123), dimethyl sulfoxide (DMSO),
acetonitrile (ACN), ethanol, low-gelling temperature agarose
(type VII-A), amphotericin B solution (250 ug/ml), D-glucose,
HEPES, RIF, sodium chloride, ethylenediaminetetraacetic acid
(EDTA), formic acid, Tris-HCI, dichloromethane, sodium
acetate, CP100356 [a model ABCBI inhibitor (Martinec et al.,
2019)], and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich (St. Louis, MO, United States). All chemicals were
of at least analytical grade. William’s Medium E (WME) with
Glutamax-I and gentamicin (50 pg/ml) solution was obtained
from Thermo Fisher (Waltham, MA, United States).
Formaldehyde solution (4%) was purchased from Mallinckrodt
Baker B.V. (Deventer, Netherlands). Stock solutions of RIF and
CP100356 used in all experiments were prepared in DMSO.

Human Tissue Samples

Intestinal (jejunal) tissue samples were collected from eight
patients (age range: 23-70 years) at the University Medical
Center Groningen (UMCG, Netherlands) and four patients
(age range 53-75) at the University Hospital Hradec Kralove
(UHHK), Charles University (Czech Republic), during pylorus-
preserving pancreaticoduodenectomy procedures performed for
tumor in the head region. Tissue samples from Dutch patients
were used for  accumulation  experiments  and
immunohistochemistry. Tissue samples from Czech patients
were used for qRT-PCR. After resection, the tissue was
immediately put in the ice-cold oxygenated Krebs-Henseleit
buffer and transported to the laboratory within 15 min. All
experiments were approved by local research ethics
committees (UMCG and UHHK). All patients signed the
informed consent for “further use” of coded-anonymous
human tissue.

Preparation and Incubation of hPCISs
hPCISs were prepared as previously described (de Graaf et al., 2010;
Martinec et al,, 2019). Briefly, the mucosa was separated from the
muscular layer, dissected into fragments measuring approximately 5
by 20 mm, and then embedded in a low-gelling temperature agarose
solution (3% w/v in 0.9% NaCl, 37°C). Approximately 300-pm-thick
hPCISs were cut using a Krumdieck tissue slicer (Alabama R&D,
Munford, AL, United States), then incubated in 12-well culture
plates in 1.3 ml of WME, and supplemented with D-glucose (final
concentration 25 mM), gentamicin (50 pg/ml), and amphotericin B
(2.5 pg/ml) (Li et al, 2017a; Martinec et al., 2019). hPCISs were
incubated in a humidified atmosphere of 80% O, and 5% CO, at
37°C with reciprocal shaking at approximately 90 cycles per minute.
Medians of ATP levels in all analyzed hPCISs were above 5.3 pmol/
ug, indicating good viability of tested samples.

Accumulation of RHD123

To evaluate ABCBL1 efflux activity we used a well-established
method based on RHDI123 uptake (Storch et al., 2007; Forster
et al.,, 2012; Li et al., 2015, Li et al., 2017a; Martinec et al., 2019).
Freshly prepared hPCISs and hPCISs incubated in WME for 24 or
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48 h were preincubated for 30 min with and without the ABCB1
model inhibitor CP100356 (2 pM). Samples were transferred into
the fresh WME incubation medium containing RHD123 (10 uM)
with or without CP100356 (2 uM) (Martinec et al., 2019). Both
preincubation and incubation steps were performed in a
humidified atmosphere of 80% O, and 5% CO, at 37°C, with
reciprocal shaking at approximately 90 cycles per minute (de
Graaf et al., 2010; Li et al., 2017a; Martinec et al., 2019).
Accumulation was halted after 2h by washing the hPCISs
twice with the cold (4°C) Krebs-Henseleit buffer. DMSO was
added to all controls to the same final concentration as in
CP100356-exposed hPCISs (0.2%). Samples were stored at
—-20°C prior to the RHD123 quantification, and samples for
qRT-PCR and ATP analysis were stored at —80°C.

ABCB1 Induction Study

RIF, a model inducer of ABCB1 and CYP3A4 (Wang and
LeCluyse, 2003), was added to the culture medium of the
hPCISs at the lowest concentration (30 uM), causing maximal
inductive effect in both 24 and 48 h incubations (Supplementary
Figure S1) (van de Kerkhof et al., 2008). hPCISs without RIF
incubated in parallel were used as controls. Samples were
collected after 24 and 48h for immunohistochemical ABCBI
staining and after 4, 8, 12, 16, 20, 24, and 48 h for comparative
qRT-PCR evaluation of ABCB1, CYP3A4, PXR, and RXRA
mRNA levels in RIF-exposed hPCISs and corresponding
controls. DMSO was added to all controls to the same final
concentration as in RIF-exposed hPCISs (0.2%).

Immunohistochemical Evaluation of ABCB1
Expression in the Intestinal Brush Border
Layer

To assess the protein expression and localization of ABCB1
immunohistochemical staining, subsequent quantification was
performed. hPCISs (n = 3 donors per condition) were fixed in
4% buffered formalin for 24 h and dehydrated in 70% ethanol for
>24 h. After dehydration, the slices were embedded in paraffin,
and then 4 pm thick sections were cut and placed on glass slides.
Following deparaffinization and rehydration, antigens were
retrieved by incubating the slides in Tris/EDTA buffer (pH
9.0) for 15min near the boiling point. Nonspecific binding
was blocked by incubating the slides in 2% BSA/2% rat serum
in PBS at room temperature for 10 min with no antibody and
then for a further hour with a primary antibody: recombinant
anti-ABCB1 ~ antibody ~ (1:100;  Abcam,  Cambridge,
United Kingdom, cat. no. ab170904). To block endogenous
peroxidases, slides were incubated in 0.1% H,O, for 15 min.
Next, they were incubated at room temperature for 30 min with a
secondary antibody (goat anti-rabbit horseradish peroxidase; 1:
50; Dako, Glostrub, Denmark) in 2% BSA/2% human serum in
PBS, and subsequently with a tertiary antibody (rabbit anti-goat
horseradish peroxidase; 1:50; Dako, Gostrub, Denmark) in 2%
BSA/2% human serum in PBS for 30 min at room temperature.
To detect labeled antigens, an InmPACT NovaRED kit (Vector
Laboratories, Burlingame, United States) was used according to
the manufacturer’s recommended protocol. Sections were
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counterstained with hematoxylin. Images were acquired using a
Nanozoomer Digital Pathology Scanner (NDP Scan U10074-01,
Hamamatsu Photonics K.K. Japan), and ABCBI1 levels were
quantified using Aperio ImageScope software (Leica
Biosystems Imaging, Inc., United States) as previously
described (Ruigrok et al., 2019).

Analysis of Intracellular ATP and Protein

Concentrations

The viability of the hPCISs was evaluated by intracellular ATP
and protein concentration analyses as previously described (Li
et al., 2017a; Martinec et al., 2019). ATP concentrations were
measured, using a CLS II ATP bioluminescence assay kit (Roche,
Mannheim, Germany), in hPCISs immediately following
preparation and after both 24 and 48 h incubation, as well as
in RIF-treated samples. ATP concentrations determined in
hPCISs were normalized with respect to the protein content of
pellets obtained during the process. For this purpose, they were
dried overnight at 37°C and then solubilized in 200 pl of 5M
NaOH for 1 h at 37°C. Finally, Milli-Q water (800 ul) was added
to the samples to give NaOH concentration of 1 M, and their
protein contents were determined using a Lowry Protein Assay
Kit (Bio-Rad DC Protein Assay, Veenendaal, Netherlands). The
tissue with the ATP content above 1.5 nmol/mg of protein was
considered viable (van de Kerkhof et al., 2008).

Quantification of Gene Expression Levels

To obtain a sufficient quantity of RNA, three slices per donor from
each condition were pooled, and total RNA was isolated using TRI
Reagent (Molecular Research Center, Cincinnati, OH, United States)
following the supplier’s recommended protocol. The integrity of the
RNA samples was confirmed by electrophoretic separation on a
1.5% agarose gel, and total RNA concentrations were calculated from
the A260 measurements. The purity of the isolated RNA was
checked by measuring its A260/280 ratio using a NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific, Delaware,
United States). RNA (1 pg) was converted into ¢cDNA in 20 ul
reaction mixtures, using ProtoScript II Reverse Transcriptase
(New England Biolabs, Ipswich, MA, United States) and a T100
thermal cycler (Bio-Rad Laboratories, Hercules, CA, United States),
following the manufacturers’ recommendations. Portions of the
cDNA (22.5ng) were then amplified in a 384-well plate, with
total reaction volumes of 5ul per well, using the TagMan
Universal Master Mix II without uracil-DNA glycosylase and
predesigned TagMan Real-Time Expression PCR assays (Thermo
Fisher Scientific, Waltham, MA, United States) for human ABCBI
(Hs00184500_m1), CYP3A4 (Hs00604506_ml), PXR (Nuclear
Receptor Subfamily 1 Group I Member 2; Hs01114267_m1), and
RXRA (Nuclear Receptor Subfamily 2 Group B Member I;
Hs01067640_m1). Expression levels of target genes were
normalized with respect to the expression of B2M
(Hs00984230_m1), after confirming the stability of the reference
gene’s expression. Each sample was amplified in triplicate using the
following PCR cycling profile: 95°C for 3 min, followed by 40 cycles
at 95°C for 15s and 60°C for 60 s. Relative expression levels were
quantified using the AACt method and arbitrary units (a.u.) were
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calculated as 2°' (with expression normalized to that of the
housekeeping gene B2M) x 10°.

RHD123 Quantification

The concentration of RHD123 in hPCISs was quantified with a
Tecan Infinite 200 M plate reader (Tecan Group, Minnedorf,
Switzerland), using excitation and emission wavelengths of
485 and 528 nm, respectively, as previously described (Li et al.,
2017a; Martinec et al, 2019). Before quantification, 600 pl of
ACN:water solution (2:1) and approximately 300 mg of glass
mini beads (diameter, 1.25-1.65mm; Carl Roth, Karlsruhe,
Germany) were added to each slice. PCIS were homogenized
with a mini bead beater twice for 45s. Samples were then
centrifuged (10 min; 7,800g), and the supernatant was
collected for analysis. As RHDI123 fluorescence can be
quenched by other drugs (Storch et al, 2007), we analyzed
quenching effect of increasing RIF concentration (up to
30 uM) on RHD123 fluorescence in ACN solution. We found
that RIF quenched RHDI123 (0.5 and 1.0 uM) fluorescence at
concentrations higher than 10 and 20puM, respectively
(Supplementary Figure S2). As the concentration of RIF
released from hPCISs into the ACN during sample
preparation did not exceed 1pM, a simple six-point
calibration curve (0.000, 0.0625, 0.125, 0.250, 0.500, and
1.000 pM) without added RIF was used to determine RHD123
concentrations in hPCIS-based experiments. Concentrations of
RHD123 were normalized against the protein content.

Statistical Analyses

The statistical significance of between-treatment differences in
ABCBI activities determined in the human ex vivo transport
experiments was assessed using the Wilcoxon signed-rank test.
The significance of differences in measured ATP concentrations
and RHD123 accumulation in fresh hPCISs and hPCISs after
incubation for 24 or 48 h was assessed using the nonparametric
Kruskal-Wallis analysis followed by Dunn’s test. One-sample
t-tests were used to compare mean expression levels of focal genes
at transcript or protein levels in samples from different donors.
Differences were considered significant if p < 0.05. All data were
processed using GraphPad Prism 8.31 (GraphPad Software, Inc.,
San Diego, CA, United States). Correlograms displaying
Pearson’s correlation coefficient gene expression in hPCISs
(considers all times points, in which gene expressions were
analyzed) were generated using R-Studio 1.3.959.

RESULTS

Morphology of the Intestinal Epithelial Cells
Layer Remains Intact in hPCISs Incubated
for 48 h

We investigated morphological changes of the villi and protein
levels of ABCBI in the epithelial cell layer in hPCISs for 48 h
incubation. Extending a previous investigation of the condition of
hPCISs after 24 h incubation (van de Kerkhof et al., 2008), we
found that the epithelial cells in hPCISs preserved their columnar
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FIGURE 1 | Morphology and ABCB1 expression in non-sliced intestine and hPCISs.
were observed in the non-sliced tissue (A) in fresh hPCISs, time = 0 h (B), after 24 h (C), and in hPCISs incubated for 48 h (D). The slides were counterstained with

Intact brush border epithelium and significant ABCB1 positivity (brown color)

shape with no swelling or necrosis, and goblet cells remained
intact (Figures 1A-D). ABCBI staining (brown color) in villi was
observed in non-sliced intact tissue, confirming the validity of the
staining method (Figure 1A). Levels of ABCBI1 were clearly
detected in freshly prepared hPCISs (Figure 1B) and hPCISs
incubated in the WME medium for both 24 h (Figure 1C) and
48 h (Figure 1D).

ATP Levels Remain Stable in hPCISs

Incubated for 48 h

To evaluate the viability of the hPCISs during the course of the
incubations, we quantified their ATP content, which is an established
marker of vital cellular processes (de Graaf et al.,, 2010; Li et al., 2017a;
Martinec et al., 2019). The median of measured ATP concentrations in
freshly prepared hPCISs (1 = 8) was 6.0 pmol/ug protein. We detected
comparable levels of ATP in hPCISs incubated in the WME medium
for 24 and 48h, 6.0 and 5.5 pmol/ug, respectively. We previously
showed that neither solvent nor CP00356 affects ATP levels in hPCISs
(Martinec et al,, 2019), and in this study, we detected ATP levels of 6.4
and 4.9 pmol/ug protein in samples incubated with RIF (30 uM) for
24 and 48 h, respectively. There were no significant differences in the
ATP content between any of the sets (n = 8) of tested samples
(Figure 2), clearly suggesting that incubation in WME or WME with
RIF (30 uM) for up to 48h does not affect metabolic activity in
hPCISs.

Activity of ABCB1 Transporter Is Preserved

in hPCISs Incubated for 48 h

To assess ABCBI activity in hPCISs, we evaluated RHD123
accumulation in the hPCISs (initial concentration in the
medium: 10 uM), as previously described (Storch et al,

14+
+ RIF (30 pM)
124
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FIGURE 2 | ATP contents in freshly prepared hPCISs (0 h) and after
incubation in WME for 24 and 48 h with or without RIF (30 uM). Presented
data are medians calculated from eight donors with interquartile ranges. Dots
represent individual donor’s values. No significant differences between
RIF-free and RIF-treated samples were detected by the nonparametric
Kruskal-Wallis analysis followed by Dunn’s test.

2007; Li et al., 2015; Li et al., 2017a; Martinec et al., 2019).
We found no significant difference in the uptake of RHD123
between freshly prepared hPCISs and hPCISs (n = 8) incubated
in WME for 24 or 48h (Figure 3A), and the medians of
RHDI123 concentrations were 539.1 nM/mg protein (¢
0h), 346.6 nM/mg protein (+ = 24h), and 541.8 nM/mg
protein (¢t = 48 h). Incubation in the presence of CP100356
(2 uM) significantly increased the RHD123 in all samples all
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(control/CP100356-treated) together with indications of the significance of between-treatment differences according to the Wilcoxon signed-rank test (*, p < 0.05;
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tested times (Figure 3B; Supplementary Figure S3). These
data strongly indicate that ABCBLI is active in hPCISs for at
least 48 h.

RIF Increases ABCB1 and CYP3A4 mRNA
Levels in hPCISs Incubated for 48 h; Extent
of Increase Correlates to PXR Gene

Expression

To investigate RIF-mediated gene induction, we quantified
ABCB1 and CYP3A4 gene expression in hPCIS samples
obtained from each donor from the UHHK and compared
fold changes in their expression between hPCISs incubated
with RIF (30 uM) for 4, 8, 12, 16, 20, 24, and 48 h, and
corresponding RIF-free controls. Levels of ABCB1 and
CYP3A4 in control hPCISs did not change significantly
during incubation (Supplementary Figures S4, S5). RIF
induced ABCBI in all tested cases (up to 7.4-fold, in
samples from donor 4 after 24 h incubation). Induction of
CYP3A4, a gene highly inducible by RIF, was more
pronounced: up to 78-fold in samples from donor 1 after
20h incubation (Figure 4A). We also observed
interindividual variability in basal and induced expression
levels of these genes and peak induction occurring in the
different donors at different time points (Supplementary
Figures S4, S5). PXR and RXRA mRNA expression
fluctuated over 48 h incubation in both RIF (30 pM)-treated
(Figures 4B,C) and control hPCISs (Supplementary Figure
§6). Higher RXRA transcript levels were observed after
exposure to RIF in samples from donor 3 than in samples
from other donors (Figure 4C), but basal RXRA mRNA levels
in this donor were also higher (Supplementay Figure S6).
Pearson’s correlation coefficient showed that expressions of
both ABCBI (4/4 donors) and CYP3A4 (3/4 donors)
proportionally related to levels of PXR mRNA, and there
was also a positive association between the amount of
ABCBI1 and CYP3A4 transcripts (3/4 donors) in RIF-treated
hPCISs. ABCBI levels also correlated with the expression of
the RXRA gene in donor 4 (Figure 4D).

RIF Increases Protein Level of ABCB1 in

hPCISs Incubated for 48 h

To confirm ABCBI upregulation by RIF at the protein level,
we compared results of the immunohistochemical staining of
hPCISs incubated for 24 and 48 h with and without 30 uM
RIF. We observed decreased protein levels of ABCBI1 in
control hPCISs after 24 and 48h when compared with
freshly prepared hPCISs, but significant increase was
observed in RIF-treated hPCISs in all three donors
(Figure 5; Supplementary Figure S7). Relative increases
in ABCBI1 calculated as ABCBI in RIF-treated divided by
control hPCISs (both after 24 h incubation) were 4.4, 2.4, and
5.8 and in RIF-treated divided by control hPCISs (both after
48 h incubation) were 20, 17, and 25 (Figure 5E). When
compared with freshly prepared hPCISs, we found 2.1-, 1.1-,
and 1.4-fold increases for 24 h incubation and 12.1-, 2.1-, and
4.3-fold increases for 48 h (Supplementary Figure S7). Our
data thus confirm that the RIF-mediated increases in ABCB1
mRNA levels are followed by increases in ABCB1 protein
levels.

RIF Increases Efflux Activity of ABCB1 in

hPCISs Incubated for 24 and 48h

To confirm that the induction of ABCB1 in hPCISs incubated
for 24 and 48 h with RIF (30 uM) is reflected in increased
activity of ABCBI, we assessed RDH123 accumulation tested
at 10 uM. At both time points, RIF significantly decreased
levels of RHD123 in hPCISs in all eight donors in both tested
time points (Figure 6; Supplementary Figure S8). Thus, RIF
clearly increased ABCBL1 efflux activity in hPCISs.

DISCUSSION

Current worldwide consumption of medication is enormous and
steadily increasing, thereby raising risks of DDIs that were not
detected during preclinical and clinical trials (Sandson, 2005;
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* p < 0.05; **, p < 0.01; ™, p < 0.001.
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FIGURE 4 | ABCB1, CYP3A4, PXR, and RXRA gene expression in hPCIS determined by gRT-PCR. Fold changes in ABCB1 and CYP3A4 mRNA levels in hPCISs
incubated with RIF (30 uM) for 4, 8, 12, 16, 20, 24, and 48 h (A), relative to expression in RIF-free controls, showing that RIF significantly increased mRNA levels of both
genes in samples from all donors at all tested time points (one-sample t-tests, three slices from one donor: *, p < 0.05; **, p < 0.01; ***, p < 0.001). PXR (B) and RXRA (C)
were demonstrated to be expressed in hPCISs incubated with RIF (30 uM) at all tested time points. Amounts of PXR and RXRA transcripts are presented in arbitrary

units (a.u.), calculated as 272! x 10°. (D) The matrix of Pearson’s coefficients of correlation was used to assess associations among all targeted transcripts in RIF-treated
hPCISs (positive in blue and negative in red, with color intensity proportional to the magnitude of the coefficients). Asterisks indicate significant differences:

CYP3A4

Seden et al., 2009; Evans-Jones et al., 2010). The most frequently
used route of administration of a drug is oral ingestion. This route
is considered convenient and the safest. However, after oral
administration, intestinal absorption is affected by pre-
systemic elimination that may involve ABCB1 and CYP3A4
activities. Induction of intestinal ABCB1 has been suggested to

considerably decrease the bioavailability of drugs after oral
administration (Elmeliegy et al., 2020). Therefore, according to
the drug interaction guidelines, a drug’s potency to induce drug-
metabolizing enzymes and transporters at the mRNA level should
be investigated before drugs are commercially launched
(Cole et al., 2020). Not only ABCBI can be strongly induced
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Time Relative fold-change in protein levels
(hours) based on positive pixel staining
Donor 1 Donor 2 Donor 3
ABCB1 ABCB1 ABCB1
24 44 * 24 * 5.8 **
48 19.8 *** 17.4 *** 247 ***

FIGURE 5 | ABCB1 levels (indicated by brown staining) in RIF-free samples incubated for 24 h (A) and 48 h (C) and in counterparts treated with 30 uM RIF for 24 h

(B) and 48 h (D). The slides were counterstained with hematoxylin (scale bar = 100 pym). Panels (A-D) represent only a partial cutout of the whole section to demonstrate
immunohistochemical staining. Images of the entire sections were used for the analysis. (E) Fold changes in numbers of strong ABCB1-positive pixels between images of
RIF-treated and RIF-free hPCISs from donors after incubation for indicated times according to subsequent algorithmic analysis. Asterisks indicate significant
differences between them according to one-sample t-tests (n = 3): *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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FIGURE 6 | Levels of RHD123 accumulation in hPCISs incubated with

30 uM RIF were significantly lower than those in RIF-free samples after both
24- and 48-h incubations (Wilcoxon signed-rank tests: *, p < 0.05, and **, p <
0.01). Data are presented as pairwise comparisons between RIF-free

(dot) and RIF-treated (square) samples. Each line represents an

individual donor.

in enterocytes but also CYP3A4, mainly via the PXR pathway
(Cerveny et al., 2007; van de Kerkhof et al., 2008).

Recently, Lutz et al. published data establishing proof of
concept that induction of ABCBI in vivo can be extrapolated
based on analysis of CYP3A induction magnitude by PXR ligands
(Lutz et al., 2018). However, as of yet, there is no widely accepted
experimental model to study induction of metabolizing enzymes
and transporters in the intestine that has high screening capacity
and sufficiently similar characteristics to in vivo systems (Zamek-
Gliszczynski et al., 2021). In this study, we used hPCISs prepared
from the jejunum, which is the major site of drug absorption after
oral administration (Murakami, 2017), and, moreover, it reveals a
significant ABCBI activity (Li et al., 2017a). Extending a previous
study (van de Kerkhof et al., 2008), we tested the possibility of
incubating hPCISs for up to 48 h. We detected no significant
differences in morphology and ATP levels between hPCISs
incubated for 48 h with and without RIF (30 uM) relative to
freshly prepared hPCISs, and the observed characteristics were
comparable to those reported for hPCISs incubated for 24 h (van
de Kerkhof et al., 2008). ABCBI levels were preserved in all
analyzed hPCISs, and the activity of ABCB1 was not affected by
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the length of incubation between 0 and 48 h. Incubation with
2 uM CP100356 increased RHD123 accumulation 1.6-fold in
fresh hPCISs, indicating inhibition of ABCBI activity, which is
in accordance with our previous findings (Li et al., 2017b;
Martinec et al., 2019). The increase in RHD123 accumulation
in CP100356-treated PCIS should be associated directly with
ABCBI inhibition because another important intestinal efflux
transporter breast cancer resistance protein does not recognize
RHDI123 as a substrate (Honjo et al., 2001; Kalgutkar et al., 2009).
As there were comparable increases in hPCISs incubated with
CP100356 up to 48 h, we conclude that the ABCBI activity is fully
preserved during the incubation.

In this study, both ABCB1 and CYP3A4 were significantly
increased in RIF-treated slices from each donor than in RIF-
free counterparts at both transcript (Figure 4A) and protein
(ABCB1) levels (Figure 5; Supplementary Figure S7). We
observed higher relative increases in hPCISs after 48h
incubation (Figure 5E) than with the fold change (2-4)
suggested by in vivo studies in duodenal biopsies (Greiner
et al, 1999; Westphal et al., 2000) and PBPK modeling
(Yamazaki et al.,, 2019). It was likely due to the decline in
ABCBI levels in control hPCISs over the course of incubation
in the WME medium. As DMSO did not affect ABCB1 mRNA
in control PCIS, it can be concluded that the observed decline
in ABCBI protein is due to the decreased stability of ABCBI.
DMSO can be responsible for this phenomenon as it was suggested
to destabilize some proteins and affect their binding properties
(Tjernberg et al, 2006). Independently of DMSO, it can be
caused by accelerated processes associated with ABCBI
degradation (Pokharel et al, 2017) and/or decreased activity of
mechanisms that prevent ABCB1 proteolysis (Katayama et al,
2016). However, the decreasing effect is obviously overwhelmed
by RIF-mediated induction. When compared with freshly prepared
hPCISs, RIF elicited 1.1- to 2.1-fold increase in hPCISs incubated for
24 h and 2.1- to 12.1-fold increase in hPCISs incubated for 48 h. The
observed increase higher than four is also likely because we used
hPCISs prepared from proximal jejunum, while previous analyses of
ABCBI1 were performed in biopsies of duodenum (Greiner et al,
1999; Westphal et al., 2000), and we quantified ABCB1 protein using
image analysis of immunohistochemical staining. This method is
considered to be less precise than Western blot due to potential
involvement of nonspecific signal into quantification.

In the RIF-treated slices, there was also a significant increase
in the ABCBI activity (Figure 6). This shows that RIF was able
to induce not only ABCB1 on the gene and protein levels but also the
ABCBI activity. However, RIF might also decrease levels of influx
organic cation transporter 1 (Han et al., 2013; Jouan et al., 2014) in
the intestine as previously reported for hepatic cells (Hyrsova et al.,
2016). Therefore, it cannot be ruled out that this phenomenon
contributes to decreased accumulation of RHDI123 in PCIS.
RHDI23 is also transported by influx organic anion transporter
peptide 1A2. Contamination of our results by the activity of
OATP1A2 can be, however, considered marginal because this
transporter has only negligible intestinal expression (Oswald,
2019) and RIF does not seem to inhibit or downregulate it
(Kalliokoski and Niemi, 2009).

Rifampicin Induces P-Glycoprotein in hPCISs

To address the pathways involved in the induction of ABCBI,
we studied PXR and RXR, as their heterodimer formation is a
crucial step in the ABCBI and CYP3A4 transactivation process
in the presence of RIF (Li et al., 2017a; Martinec et al., 2019). We
evaluated levels of PXR mRNA and the most abundantly
expressed isoform of RXR, RXRA, in the human jejunum
(Wang et al., 2005) and found that their transcript levels
maintained throughout the 0-48h incubations
(Figure 4; Supplementary Figure S6). Moreover, we here
observed that the extent of ABCBI and CYP3A4 induction
correlates to PXR mRNA levels in hPCISs treated with RIF at
all the time points tested (Figure 4D), which is in accordance
with recent findings by Fritz et al. (2019). The correlation
between PXR mRNA and/or protein and ABCBI gene
expression was evidenced also in other tissues including the
lungs, liver, blood, and mononuclear cells (Owen et al., 2004;
Albermann et al., 2005; Kong et al., 2016; Wu et al.,, 2016).
Moreover, we found a proportional association between
induction of ABCBI and CYP3A4, which is in line with
previous reports documenting shared regulation and
interplay in the intestinal absorption (Wei et al., 2013).

Despite the indisputable advantages of hPCISs, they also
have some drawbacks for evaluating drugs’ ABCBI-induction
potency. Tight cooperation with a surgery department is
required, and tests should be performed on tissue unaffected
by tumor or other pathologies such as Crohn’s disease or
ulcerative colitis. Considering this fact,
pancreaticoduodenectomy, surgery providing the jejunal
segment that is not related to intestinal disease, used in this
study seems to be the optimal procedure. Moreover,
interindividual differences in the expression of ABCBI and
CYP3A4 related to polymorphisms, the presence of inducing
and inhibitory substances (from the diet or medication),
patients’ gender and age, patients’ disease, and/or activities of
nuclear factors (Lamba et al., 2002; Lindell et al., 2003;
Siegmund et al,, 2003; Groothuis and de Graaf, 2013) may
complicate interpretation of results obtained from different
laboratories. Perhaps, this phenomenon is reflected in the
high variations among donors’ samples that we have seen in
this study. Regarding device requirements, a laboratory has to be
equipped with Krumdieck tissue slicer and an incubator with
high oxygen content.

Our study has certain limitations. We did not correlate
mRNA, protein levels, and ABCB1 function as their
quantification was performed in different patients. The study
was carried out in a small cohort of donors and data are, due to
considerable interindividual variability, presented separately for
each patient. Small cohorts and limited amount of provided
intestinal tissue also made it impossible to determine ECs,
and E ...

were

CONCLUSION

Evaluation of a new model to test potency of drugs to induce
intestinal ABCBI is a long process. It requires testing multiple
inductors together with various substrates including clinically
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relevant drugs and obtained results should be compared with
those collected using the currently established methods. In this
study, we took the first step to evaluate hPCISs as a valuable
and more complex model to study intestinal ABCBI1
induction. We demonstrated that hPCISs remain viable,
intact, express ABCB1, CYP3A4, PXR, and RXRA mRNA,
and preserve stable ABCB1 protein levels and function for
48 h incubation in the applied conditions. ABCB1 functional
expression and CYP3A4 levels are responsive to co-
incubation with the PXR ligand, RIF, and the extent of
ABCBI1 and CYP3A4 induction is proportional to PXR
mRNA levels. Moreover, we described dynamic changes
in ABCB1 and CYP3A4 transcript levels in hPCISs over
48h incubation, showing that peaks of induction are
achieved among donors at different times. From the
prospective view, hPCISs should be of interest to
researchers involved in preclinical research and the
pharmaceutical industry as data reported here and
elsewhere (van de Kerkhof et al., 2008; Martinec et al.,,
2019) demonstrate their utility for in vitro evaluation of
complex DDIs, involving both inhibition and induction of
ABCBI1 and other molecules, such as CYP3A4 and phase II
metabolizing enzymes. Thus, they may help efforts to
elucidate in detail the interplay of such pharmacokinetic
factors in pre-systemic drug elimination.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of The University Hospital
Hradec Kralove, Czechia (no.. 201511 S26P). The patients/

REFERENCES

Albermann, N., Schmitz-Winnenthal, F. H., Z’graggen, K., Volk, C., Hoffmann, M.
M., Haefeli, W. E,, et al. (2005). Expression of the Drug Transporters MDR1/
ABCB1, MRP1/ABCC1, MRP2/ABCC2, BCRP/ABCG?2, and PXR in Peripheral
Blood Mononuclear Cells and Their Relationship with the Expression in
Intestine and Liver. Biochem. Pharmacol. 70, 949-958. doi:10.1016/j.bcp.
2005.06.018

Begley, R., Das, M., Zhong, L., Ling, J., Kearney, B. P., and Custodio, J. M. (2018).
Pharmacokinetics of Tenofovir Alafenamide when Coadministered with Other
HIV Antiretrovirals. J. Acquir Immune Defic Syndr. 78, 465-472. doi:10.1097/
qai.0000000000001699

Burger, H., Van Tol, H., Brok, M., Wiemer, E. A. C,, De Bruijn, E. A, Guetens, G.,
et al. (2005). Chronic Imatinib Mesylate Exposure Leads to Reduced
Intracellular Drug Accumulation by Induction of the ABCG2 (BCRP) and
ABCB1 (MDR1) Drug Transport Pumps. Cancer Biol. Ther. 4, 747-752. doi:10.
4161/cbt.4.7.1826

Cerveny, L., Svecova, L., Anzenbacherova, E., Vrzal, R., Staud, F., Dvorak, Z., et al.
(2007). Valproic Acid Induces CYP3A4 and MDR1 Gene Expression by

Rifampicin Induces P-Glycoprotein in hPCISs

participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

OM contributed to the experimental design, performed
experiments, PCR, and immunohistochemistry analyses, and
evaluations of RDH123 accumulation in hPCISs, and helped
to write the manuscript. CB performed experiments, the
immunohistochemistry staining and analyses, and manuscript
revision. MH participated in the execution of the experiments and
data analysis. FS and K] contributed to the study’s conception and
manuscript revision. IG and PO contributed to the study’s
conception and manuscript revision, the experimental design,
and the acquisition of financial support. FC selected patients,
performed surgeries, provided samples of intestinal tissue, and
commented on the manuscript. IV contributed to the
experimental design, helped to write the manuscript, and
contributed to the acquisition of financial support. LC
contributed to the experimental design, data analysis,
acquisition of financial support, and substantially to the
writing of the manuscript. All authors have read and approved
the final version of the manuscript.

FUNDING

This work was financially supported by the Czech Science Foundation
(grant no. GACR 18-07281Y), SVV 260414, and the EFSA-CDN
project (no. CZ.02.1.01/0.0/0.0/16_019/0000841) cofounded by ERDEF.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.684156/
full#supplementary-material

Activation of Constitutive Androstane Receptor and Pregnane X Receptor
Pathways. Drug Metab. Dispos 35, 1032-1041. doi:10.1124/dmd.106.014456

Cole, S., Kerwash, E., and Andersson, A. (2020). A Summary of the Current Drug
Interaction Guidance from the European Medicines Agency and
Considerations of Future Updates. Drug Metab. Pharmacokinet. 35, 2-11.
doi:10.1016/j.dmpk.2019.11.005

De Graaf, I. A. M., Olinga, P., De Jager, M. H., Merema, M. T., De Kanter, R., Van
De Kerkhof, E. G,, et al. (2010). Preparation and Incubation of Precision-Cut
Liver and Intestinal Slices for Application in Drug Metabolism and Toxicity
Studies. Nat. Protoc. 5, 1540-1551. doi:10.1038/nprot.2010.111

Dhhs (2019). Panel on Antiretroviral Guidelines for Adults and Adolescents. Guidelines for
the Use of Antiretroviral Agents in Adults and Adolescents with HIV. Department of
Health and Human Services. Available at: https://clinicalinfo.hiv.gov/sites/default/files/
guidelines/documents/AdultandAdolescentGL.pdf (Accessed September 24, 2020).

Elmeliegy, M., Vourvahis, M., Guo, C., and Wang, D. D. (2020). Effect of
P-Glycoprotein (P-Gp) Inducers on Exposure of P-Gp Substrates: Review of
Clinical Drug-Drug Interaction Studies. Clin. Pharmacokinet. 59, 699-714.
doi:10.1007/540262-020-00867-1

Evans-Jones, J. G., Cottle, L. E., Back, D. J., Gibbons, S., Beeching, N. J., Carey, P. B.,
et al. (2010). Recognition of Risk for Clinically Significant Drug Interactions

Frontiers in Pharmacology | www.frontiersin.org

June 2021 | Volume 12 | Article 684156


https://www.frontiersin.org/articles/10.3389/fphar.2021.684156/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.684156/full#supplementary-material
https://doi.org/10.1016/j.bcp.2005.06.018
https://doi.org/10.1016/j.bcp.2005.06.018
https://doi.org/10.1097/qai.0000000000001699
https://doi.org/10.1097/qai.0000000000001699
https://doi.org/10.4161/cbt.4.7.1826
https://doi.org/10.4161/cbt.4.7.1826
https://doi.org/10.1124/dmd.106.014456
https://doi.org/10.1016/j.dmpk.2019.11.005
https://doi.org/10.1038/nprot.2010.111
https://clinicalinfo.hiv.gov/sites/default/files/guidelines/documents/AdultandAdolescentGL.pdf
https://clinicalinfo.hiv.gov/sites/default/files/guidelines/documents/AdultandAdolescentGL.pdf
https://doi.org/10.1007/s40262-020-00867-1
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Martinec et al.

Among HIV-Infected Patients Receiving Antiretroviral Therapy. Clin. Infect.
Dis. 50, 1419-1421. doi:10.1086/652149

FDA (2020). U.S. Department of Health and Human Services Food and Drug
Administration Center for Drug Evaluation and Research. Vitro Drug
Interaction Studies — Cytochrome P450 Enzyme- and Transporter-
Mediated Drug Interactions Guidance for Industry. Avabilable at: https://
www.fda.gov/media/134582/download.(accessed September 23rd, 2020).

Fenner, K., Troutman, M., Kempshall, S., Cook, J., Ware, J., Smith, D., et al. (2009).
Drug-drug Interactions Mediated through P-Glycoprotein: Clinical Relevance
and In Vitro-In Vivo Correlation Using Digoxin as a Probe Drug. Clin.
Pharmacol. Ther. 85, 173-181. doi:10.1038/clpt.2008.195

Forster, S., Thumser, A. E., Hood, S. R., and Plant, N. (2012). Characterization of
Rhodamine-123 as a Tracer Dye for Use in In Vitro Drug Transport Assays.
PLoS One 7, €33253. doi:10.1371/journal.pone.0033253

Fritz, A., Busch, D., Lapczuk, J., Ostrowski, M., Drozdzik, M., and Oswald, S.
(2019). Expression of Clinically Relevant Drug-metabolizing Enzymes along the
Human Intestine and Their Correlation to Drug Transporters and Nuclear
Receptors: An Intra-subject Analysis. Basic Clin. Pharmacol. Toxicol. 124,
245-255. doi:10.1111/bept.13137

Giacomini, K. M., Galetin, A.,, and Huang, S. M. (2018). The International
Transporter Summarizing Advances the Role of
Transporters in Drug Development. Clin. Pharmacol. Ther. 104, 766-771.
doi:10.1002/cpt.1224

International Transporter ConsortiumGiacomini, K. M., Giacomini, K. M., Huang,
S. M., Tweedie, D. J., Benet, L. Z., Brouwer, K. L., et al. (2010). Membrane
Transporters in Drug Development. Nat. Rev. Drug Discov. 9, 215-236. doi:10.
1038/nrd3028

Giacomini, K. M., and Huang, S.-M. (2013). Transporters in Drug Development
and Clinical Pharmacology. Clin. Pharmacol. Ther. 94, 3-9. doi:10.1038/clpt.
2013.86

Goto, M., Masuda, S., Saito, H., and Inui, K.-i. (2003). Decreased Expression of
P-Glycoprotein during Differentiation in the Human Intestinal Cell Line Caco-
2. Biochem. Pharmacol. 66, 163-170. doi:10.1016/s0006-2952(03)00242-9

Greiner, B., Eichelbaum, M., Fritz, P., Kreichgauer, H.-P., Von Richter, O., Zundler,
J., et al. (1999). The Role of Intestinal P-Glycoprotein in the Interaction of
Digoxin and Rifampin. J. Clin. Invest. 104, 147-153. doi:10.1172/jci6663

Groothuis, G. M., and De Graaf, 1. A. (2013). Precision-cut Intestinal Slices as In
Vitro Tool for Studies on Drug Metabolism. Curr. Drug Metab. 14, 112-119.

Guo, Y., Chu, X, Parrott, N. J., Brouwer, K. L. R, Hsu, V., Nagar, S,
et al.International Transporter Consortium. (2018). Advancing Predictions
of Tissue and Intracellular Drug Concentrations Using In Vitro , Imaging
and Physiologically Based Pharmacokinetic Modeling Approaches. Clin.
Pharmacol. Ther. 104, 865-889. doi:10.1002/cpt.1183

Han, T., Everett, R. S,, Proctor, W. R,, Ng, C. M., Costales, C. L., Brouwer, K. L. R.,
et al. (2013). Organic Cation Transporter 1 (OCT1/mOct1) Is Localized in the
Apical Membrane of Caco-2 Cell Monolayers and Enterocytes. Mol. Pharmacol.
84, 182-189. doi:10.1124/mol.112.084517

Harwood, M. D., Achour, B., Neuhoff, S., Russell, M. R,, Carlson, G., Warhurst, G.,
et al. (2016). In Vitro-In Vivo Extrapolation Scaling Factors for Intestinal
P-Glycoprotein and Breast Cancer Resistance Protein: Part I: A Cross-
Laboratory Comparison of Transporter-Protein Abundances and Relative
Expression Factors in Human Intestine and Caco-2 Cells. Drug Metab.
Disposition 44, 297-307. doi:10.1124/dmd.115.067371

Honjo, Y., Hrycyna, C. A, Yan, Q. W., Medina-Pérez, W. Y., Robey, R. W., Van De
Laar, A, et al. (2001). Acquired Mutations in the MXR/BCRP/ABCP Gene Alter
Substrate Specificity in MXR/BCRP/ABCP-overexpressing Cells. Cancer Res.
61, 6635-6639.

Hyrsova, L., Smutny, T., Carazo, A., Moravcik, S., Mandikova, J., Trejtnar, F., et al.
(2016). The Pregnane X Receptor Down-Regulates Organic Cation Transporter
1 (SLC22A1) in Human Hepatocytes by Competing for ("squelching") SRC-1
Coactivator. Br. J. Pharmacol. 173, 1703-1715. doi:10.1111/bph.13472

Jouan, E., Le Vee, M., Denizot, C., Da Violante, G., and Fardel, O. (2014). The
Mitochondrial Fluorescent Dye Rhodamine 123 Is a High-Affinity Substrate for
Organic Cation Transporters (OCTs) 1 and 2. Fundam. Clin. Pharmacol. 28,
65-77. doi:10.1111/j.1472-8206.2012.01071.x

Kalgutkar, A. S., Frederick, K. S., Chupka, J., Feng, B., Kempshall, S., Mireles, R. J., et al.
(2009).  N-(3,4-dimethoxyphenethyl)-4-(6,7-dimethoxy-3,4-dihydroisoquinolin-2
[1H]-y])-6,7-dimethoxyquinazolin-2-amine (CP-100,356) as a "chemical Knock-

Consortium: in

Rifampicin Induces P-Glycoprotein in hPCISs

Out Equivalent” to Assess the Impact of Efflux Transporters on Oral Drug
Absorption in the Rat. J. Pharm. Sci. 98, 4914-4927. doi:10.1002/jps.21756

Kalliokoski, A., and Niemi, M. (2009). Impact of OATP Transporters on
Pharmacokinetics. Br. J. Pharmacol. 158, 693-705. doi:10.1111/j.1476-5381.
2009.00430.x

Katayama, K., Fujiwara, C., Noguchi, K., and Sugimoto, Y. (2016). RSK1 Protects
P-glycoprotein/ABCB1  against Ubiquitin-Proteasomal ~Degradation by
Downregulating the Ubiquitin-Conjugating Enzyme E2 RI. Sci. Rep. 6,
36134. doi:10.1038/srep36134

Kong, Q., Han, Z., Zuo, X., Wei, H., and Huang, W. (2016). Co-expression of
Pregnane X Receptor and ATP-Binding Cassette Sub-family B Member 1 in
Peripheral Blood: A Prospective Indicator for Drug Resistance Prediction in
Non-small Cell Lung Cancer. Oncol. Lett. 11, 3033-3039. doi:10.3892/01.2016.4369

Kumar, P., Gordon, L. A., Brooks, K. M., George, J. M., Kellogg, A., Mcmanus, M.,
et al. (2017). Differential Influence of the Antiretroviral Pharmacokinetic
Enhancers Ritonavir and Cobicistat on Intestinal P-Glycoprotein Transport
and the Pharmacokinetic/Pharmacodynamic Disposition of Dabigatran.
Antimicrob. Agents Chemother. 61. doi:10.1128/aac.01201-17

Lamba, J. K, Lin, Y. S., Schuetz, E. G., and Thummel, K. E. (2002). Genetic
Contribution to Variable Human CYP3A-Mediated Metabolism. Adv. Drug
Deliv. Rev. 54, 1271-1294. doi:10.1016/s0169-409x(02)00066-2

Li, M., De Graaf, I. A. M., De Jager, M. H,, and Groothuis, G. M. M. (2017a). P-gp
Activity and Inhibition in the Different Regions of Human Intestineex Vivo.
Biopharm. Drug Dispos. 38, 127-138. doi:10.1002/bdd.2047

Li, M., De Graaf, I. A. M., De Jager, M. H., and Groothuis, G. M. M. (2015). Rat
Precision-Cut Intestinal Slices to Study P-Gp Activity and the Potency of its
Inhibitors Ex Vivo. Toxicol. Vitro 29, 1070-1078. doi:10.1016/j.tiv.2015.04.011

Li, M., De Graaf, I. A. M., Van De Steeg, E., De Jager, M. H., and Groothuis, G. M.
M. (2017b). The Consequence of Regional Gradients of P-Gp and CYP3A4 for
Drug-Drug Interactions by P-Gp Inhibitors and the P-gp/CYP3A4 Interplay in
the Human Intestine Ex Vivo. Toxicol. Vitro 40, 26-33. doi:10.1016/j.tiv.2016.
12.002

Lindell, M., Karlsson, M. O., Lennernés, H., Pahlman, L., and Lang, M. A. (2003).
Variable Expression of CYP and Pgp Genes in the Human Small Intestine. Eur.
J. Clin. Invest. 33, 493-499. doi:10.1046/j.1365-2362.2003.01154.x

Luedtke, D., Marzin, K., Jungnik, A., Von Wangenheim, U., and Dallinger, C.
(2018). Effects of Ketoconazole and Rifampicin on the Pharmacokinetics of
Nintedanib in Healthy Subjects. Eur. ]. Drug Metab. Pharmacokinet. 43,
533-541. doi:10.1007/s13318-018-0467-9

Lutz, J. D, Kirby, B. J., Wang, L., Song, Q., Ling, J., Massetto, B., et al. (2018).
Cytochrome P450 3A Induction Predicts P-Glycoprotein Induction; Part 1:
Establishing Induction Relationships Using Ascending Dose Rifampin. Clin.
Pharmacol. Ther. 104, 1182-1190. doi:10.1002/cpt.1073

Marchetti, S., Mazzanti, R., Beijnen, J. H., and Schellens, J. H. M. (2007). Concise
Review: Clinical Relevance of Drug-Drug and Herb-Drug Interactions
Mediated by the ABC Transporter ABCB1 (MDRI, P-glycoprotein). Oncol.
12, 927-941. doi:10.1634/theoncologist.12-8-927

Martin, P., Gillen, M., Millson, D., Oliver, S., Brealey, C., Elsby, R,, et al. (2015).
Effects of Fostamatinib on the Pharmacokinetics of Digoxin (A P-Glycoprotein
Substrate): Results from In Vitro and Phase I Clinical Studies. Clin. Ther. 37,
2811-2822. doi:10.1016/j.clinthera.2015.09.018

Martinec, O., Huliciak, M., Staud, F., Cecka, F., Vokral, L, and Cerveny, L. (2019).
Anti-HIV and Anti-hepatitis C Virus Drugs Inhibit P-Glycoprotein Efflux
Activity in Caco-2 Cells and Precision-Cut Rat and Human Intestinal Slices.
Antimicrob. Agents Chemother. 63. doi:10.1128/aac.00910-19

Murakami, T. (2017). Absorption Sites of Orally Administered Drugs in the Small
Intestine. Expert Opin. Drug Discov. 12, 1219-1232. doi:10.1080/17460441.2017.
1378176

Negoro, R., Takayama, K., Nagamoto, Y., Sakurai, F., Tachibana, M., and
Mizuguchi, H. (2016). Modeling of Drug-Mediated CYP3A4 Induction by
Using Human iPS Cell-Derived Enterocyte-like Cells. Biochem. Biophysical Res.
Commun. 472, 631-636. doi:10.1016/j.bbrc.2016.03.012

Oostendorp, R. L., Beijnen, J. H., and Schellens, J. H. M. (2009). The Biological and
Clinical Role of Drug Transporters at the Intestinal Barrier. Cancer Treat. Rev.
35, 137-147. doi:10.1016/j.ctrv.2008.09.004

Oswald, S. (2019). Organic Anion Transporting Polypeptide (OATP) Transporter
Expression, Localization and Function in the Human Intestine. Pharmacol.
Ther. 195, 39-53. doi:10.1016/j.pharmthera.2018.10.007

Frontiers in Pharmacology | www.frontiersin.org

11

June 2021 | Volume 12 | Article 684156


https://doi.org/10.1086/652149
https://www.fda.gov/media/134582/download
https://www.fda.gov/media/134582/download
https://doi.org/10.1038/clpt.2008.195
https://doi.org/10.1371/journal.pone.0033253
https://doi.org/10.1111/bcpt.13137
https://doi.org/10.1002/cpt.1224
https://doi.org/10.1038/nrd3028
https://doi.org/10.1038/nrd3028
https://doi.org/10.1038/clpt.2013.86
https://doi.org/10.1038/clpt.2013.86
https://doi.org/10.1016/s0006-2952(03)00242-9
https://doi.org/10.1172/jci6663
https://doi.org/10.1002/cpt.1183
https://doi.org/10.1124/mol.112.084517
https://doi.org/10.1124/dmd.115.067371
https://doi.org/10.1111/bph.13472
https://doi.org/10.1111/j.1472-8206.2012.01071.x
https://doi.org/10.1002/jps.21756
https://doi.org/10.1111/j.1476-5381.2009.00430.x
https://doi.org/10.1111/j.1476-5381.2009.00430.x
https://doi.org/10.1038/srep36134
https://doi.org/10.3892/ol.2016.4369
https://doi.org/10.1128/aac.01201-17
https://doi.org/10.1016/s0169-409x(02)00066-2
https://doi.org/10.1002/bdd.2047
https://doi.org/10.1016/j.tiv.2015.04.011
https://doi.org/10.1016/j.tiv.2016.12.002
https://doi.org/10.1016/j.tiv.2016.12.002
https://doi.org/10.1046/j.1365-2362.2003.01154.x
https://doi.org/10.1007/s13318-018-0467-9
https://doi.org/10.1002/cpt.1073
https://doi.org/10.1634/theoncologist.12-8-927
https://doi.org/10.1016/j.clinthera.2015.09.018
https://doi.org/10.1128/aac.00910-19
https://doi.org/10.1080/17460441.2017.1378176
https://doi.org/10.1080/17460441.2017.1378176
https://doi.org/10.1016/j.bbrc.2016.03.012
https://doi.org/10.1016/j.ctrv.2008.09.004
https://doi.org/10.1016/j.pharmthera.2018.10.007
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Martinec et al.

Owen, A., Chandler, B., Back, D. J., and Khoo, S. H. (2004). Expression of
Pregnane-X-Receptor Transcript in Peripheral Blood Mononuclear Cells and
Correlation with MDR1 mRNA. Antivir. Ther. 9, 819-821.

Pokharel, D., Roseblade, A., Oenarto, V., Lu, J. F., and Bebawy, M. (2017). Proteins
Regulating the Intercellular Transfer and Function of P-Glycoprotein in
Multidrug-Resistant Cancer. Ecancermedicalscience 11, 768. doi:10.3332/
ecancer.2017.768

Rodrigues, A. C., Curi, R., Genvigir, F. D. V., Hirata, M. H., and Hirata, R. D. C.
(2009). The Expression of Efflux and Uptake Transporters Are Regulated by
Statins in Caco-2 and HepG2 Cells. Acta Pharmacol. Sin 30, 956-964. doi:10.
1038/aps.2009.85

Ruigrok, M. J. R,, Tomar, J., Frijlink, H. W., Melgert, B. N., Hinrichs, W. L. J., and
Olinga, P. (2019). The Effects of Oxygen Concentration on Cell Death, Anti-
oxidant Transcription, Acute Inflammation, and Cell Proliferation in Precision-
Cut Lung Slices. Sci. Rep. 9, 16239. d0i:10.1038/s41598-019-52813-2

Sandson, N. (2005). Economic Grand Rounds: Drug-Drug Interactions: The Silent
Epidemic. Ps 56, 22-24. doi:10.1176/appi.ps.56.1.22

Seden, K., Back, D., and Khoo, S. (2009). Antiretroviral Drug Interactions: Often
Unrecognized, Frequently =~ Unavoidable, ~Sometimes
J. Antimicrob. Chemother. 64, 5-8. doi:10.1093/jac/dkp152

Shirasaka, Y., Kawasaki, M., Sakane, T., Omatsu, H., Moriya, Y., Nakamura, T.,
et al. (2006). Induction of Human P-Glycoprotein in Caco-2 Cells:
Development of a Highly Sensitive Assay System for P-Glycoprotein-
Mediated Drug Transport. Drug Metab. Pharmacokinet. 21, 414-423. doi:10.
2133/dmpk.21.414

Siegmund, W., Ludwig, K., Engel, G., Zschiesche, M., Franke, G., Hoffmann, A.,
et al. (2003). Variability of Intestinal Expression of P-Glycoprotein in Healthy
Volunteers as Described by Absorption of Talinolol from Four Bioequivalent
Tablets. J. Pharm. Sci. 92, 604-610. doi:10.1002/jps.10327

Smutny, T., Mani, S, and Pavek, P. (2013). Post-translational and post-
transcriptional Modifications of Pregnane X Receptor (PXR) in Regulation
of the Cytochrome P450 Superfamily. Cdm 14, 1059-1069. doi:10.2174/
1389200214666131211153307

Storch, C. H., Theile, D., Lindenmaier, H., Haefeli, W. E., and Weiss, J. (2007).
Comparison of the Inhibitory Activity of Anti-HIV Drugs on P-Glycoprotein.
Biochem. Pharmacol. 73, 1573-1581. d0i:10.1016/j.bcp.2007.01.027

Su, S. F.,, and Huang, J. D. (1996). Inhibition of the Intestinal Digoxin Absorption
and Exsorption by Quinidine. Drug Metab. Dispos 24, 142-147.

Sun, H., Chow, E. C, Liu, S, Du, Y., and Pang, K. S. (2008). The Caco-2 Cell
Monolayer: Usefulness and Limitations. Expert Opin. Drug Metab. Toxicol. 4,
395-411. doi:10.1517/17425255.4.4.395

Tjernberg, A., Markova, N., Griffiths, W. J., and Hallén, D. (2006). DMSO-related
Effects in Protein Characterization. J. Biomol. Screen. 11, 131-137. d0i:10.1177/
1087057105284218

Van De Kerkhof, E. G., De Graaf, I. A. M., Ungell, A.-L. B., and Groothuis, G. M. M.
(2008). Induction of Metabolism and Transport in Human Intestine: Validation
of Precision-Cut Slices as a Tool to Study Induction of Drug Metabolism in
Human Intestine In Vitro. Drug Metab. Dispos 36, 604-613. doi:10.1124/dmd.
107.018820

Van Roon, E. N., Flikweert, S., Le Comte, M., Langendijk, P. N. J., Kwee-
Zuiderwijk, W. J. M., Smits, P., et al. (2005). Clinical Relevance of

Unmanageable.

Rifampicin Induces P-Glycoprotein in hPCISs

Drug-Drug Interactions. Drug Saf. 28, 1131-1139. doi:10.2165/
00002018-200528120-00007

Varma, M. V. S, Sateesh, K., and Panchagnula, R. (2005). Functional Role of
P-Glycoprotein in Limiting Intestinal Absorption of Drugs: Contribution of
Passive Permeability to P-Glycoprotein Mediated Efflux Transport. Mol.
Pharmaceutics 2, 12-21. doi:10.1021/mp0499196

Wang, H., and Lecluyse, E. L. (2003). Role of Orphan Nuclear Receptors in the
Regulation of Drug-Metabolising Enzymes. Clin. Pharmacokinet. 42,
1331-1357. doi:10.2165/00003088-200342150-00003

Wang, Q., Herrera-Ruiz, D., Mathis, A. S., Cook, T. J., Bhardwaj, R. K., and Knipp,
G. T. (2005). Expression of PPAR, RXR Isoforms and Fatty Acid Transporting
Proteins in the Rat and Human Gastrointestinal Tracts. J. Pharm. Sci. 94,
363-372. doi:10.1002/jps.20264

Wei, Z., Chen, M., Zhang, Y., Wang, X,, Jiang, S., Wang, Y., et al. (2013). No
Correlation of Hsa-miR-148a with Expression of PXR or CYP3A4 in Human
Livers from Chinese Han Population. PLoS One 8, e59141. doi:10.1371/journal.
pone.0059141

Weiss, J., Herzog, M., Konig, S., Storch, C. H., Ketabi-Kiyanvash, N., and Haefeli,
W. E. (2009). Induction of Multiple Drug Transporters by Efavirenz.
J. Pharmacol. Sci. 109, 242-250. doi:10.1254/jphs.08209fp

Westphal, K., Weinbrenner, A., Zschiesche, M., Franke, G., Knoke, M., Oertel, R.,
et al. (2000). Induction of P-Glycoprotein by Rifampin Increases Intestinal
Secretion of Talinolol in Human Beings: a New Type of Drug/drug Interaction.
Clin. Pharmacol. Ther. 68, 345-355. doi:10.1067/mcp.2000.109797

Wu, J,, Lin, N, Li, F., Zhang, G., He, S., Zhu, Y., et al. (2016). Induction of
P-Glycoprotein Expression and Activity by Aconitum Alkaloids: Implication
for Clinical Drug-Drug Interactions. Sci. Rep. 6, 25343. d0i:10.1038/srep25343

Yamazaki, S., Costales, C., Lazzaro, S., Eatemadpour, S., Kimoto, E., and Varma, M.
V. (2019). Physiologically-Based Pharmacokinetic Modeling Approach to
Predict Rifampin-Mediated Intestinal P-Glycoprotein Induction. CPT
Pharmacometrics Syst. Pharmacol. 8, 634-642. doi:10.1002/psp4.12458

Yamazaki, S., Loi, C.-M., Kimoto, E., Costales, C., and Varma, M. V. (2018).
Application of Physiologically Based Pharmacokinetic Modeling in
Understanding Bosutinib Drug-Drug Interactions: Importance of Intestinal
P-Glycoprotein. Drug Metab. Dispos 46, 1200-1211. doi:10.1124/dmd.118.080424

Zamek-Gliszczynski, M. J., Patel, M., Yang, X., Lutz, J. D., Chu, X, Brouwer, K. L.
R, et al. (2021). Intestinal P-gp and Putative Hepatic OATP1B Induction:
International Transporter Consortium Perspective on Drug Development
Implications. Clin. Pharmacol. Ther. 109, 55-64. doi:10.1002/cpt.1916

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Martinec, Biel, de Graaf, Huliciak, de Jong, Staud, Cecka, Olinga,
Vokral and Cerveny. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

12

June 2021 | Volume 12 | Article 684156


https://doi.org/10.3332/ecancer.2017.768
https://doi.org/10.3332/ecancer.2017.768
https://doi.org/10.1038/aps.2009.85
https://doi.org/10.1038/aps.2009.85
https://doi.org/10.1038/s41598-019-52813-2
https://doi.org/10.1176/appi.ps.56.1.22
https://doi.org/10.1093/jac/dkp152
https://doi.org/10.2133/dmpk.21.414
https://doi.org/10.2133/dmpk.21.414
https://doi.org/10.1002/jps.10327
https://doi.org/10.2174/1389200214666131211153307
https://doi.org/10.2174/1389200214666131211153307
https://doi.org/10.1016/j.bcp.2007.01.027
https://doi.org/10.1517/17425255.4.4.395
https://doi.org/10.1177/1087057105284218
https://doi.org/10.1177/1087057105284218
https://doi.org/10.1124/dmd.107.018820
https://doi.org/10.1124/dmd.107.018820
https://doi.org/10.2165/00002018-200528120-00007
https://doi.org/10.2165/00002018-200528120-00007
https://doi.org/10.1021/mp0499196
https://doi.org/10.2165/00003088-200342150-00003
https://doi.org/10.1002/jps.20264
https://doi.org/10.1371/journal.pone.0059141
https://doi.org/10.1371/journal.pone.0059141
https://doi.org/10.1254/jphs.08209fp
https://doi.org/10.1067/mcp.2000.109797
https://doi.org/10.1038/srep25343
https://doi.org/10.1002/psp4.12458
https://doi.org/10.1124/dmd.118.080424
https://doi.org/10.1002/cpt.1916
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Rifampicin Induces Gene, Protein, and Activity of P-Glycoprotein (ABCB1) in Human Precision-Cut Intestinal Slices
	Introduction
	Materials and Methods
	Chemicals
	Human Tissue Samples
	Preparation and Incubation of hPCISs
	Accumulation of RHD123
	ABCB1 Induction Study
	Immunohistochemical Evaluation of ABCB1 Expression in the Intestinal Brush Border Layer
	Analysis of Intracellular ATP and Protein Concentrations
	Quantification of Gene Expression Levels
	RHD123 Quantification
	Statistical Analyses

	Results
	Morphology of the Intestinal Epithelial Cells Layer Remains Intact in hPCISs Incubated for 48 h
	ATP Levels Remain Stable in hPCISs Incubated for 48 h
	Activity of ABCB1 Transporter Is Preserved in hPCISs Incubated for 48 h
	RIF Increases ABCB1 and CYP3A4 mRNA Levels in hPCISs Incubated for 48 h; Extent of Increase Correlates to PXR Gene Expression
	RIF Increases Protein Level of ABCB1 in hPCISs Incubated for 48 h
	RIF Increases Efflux Activity of ABCB1 in hPCISs Incubated for 24 and 48 h

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


