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Intestinal P-gp and CYP3A4 work coordinately to reduce the intracellular concentration of drugs, and drug-drug
interactions (DDIs) based on this interplay are of clinical importance and require pre-clinical investigation. Using
precision-cut intestinal slices (PCIS) of human jejunum, ileum and colon,we investigated the P-gp/CYP3A4 inter-
play and related DDIs with P-gp inhibitors at the different regions of the human intestine with quinidine (Qi),
dual substrate of P-gp and CYP3A4, as probe. All the P-gp inhibitors increased the intracellular concentrations
of Qi by 2.1–2.6 fold in jejunum, 2.6–3.8 fold in ileum but only 1.2–1.3 fold in colon, in line with the different
P-gp expression in these intestinal regions. The selective P-gp inhibitors (CP100356 and PSC833) enhanced 3-
hydroxy-quinidine (3OH-Qi) in jejunum and ileum,while dual inhibitors of P-gp and CYP3A4 (verapamil and ke-
toconazole) decreased the 3OH-Qi production, despite of the increased intracellular Qi concentration, due to in-
hibition of CYP3A4. The outcome of DDIs based on P-gp/CYP3A4 interplay, shown as remarkable changes in the
intracellular concentration of both the parent drug and themetabolite, varied among the intestinal regions, prob-
ably due to the different expression of P-gp and CYP3A4, and were different from those found in rat PCIS, which
may have important implications for the disposition and toxicity of drugs and their metabolites.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

P-gp and CYP3A4 are important and extensively studiedmembers of
the families of efflux transporters and metabolizing enzymes (Bojcsev
et al., 2013; DeGorter et al., 2012; Zhen, 2013). In addition to their re-
spective roles of excretion and metabolism of xenobiotics, they can
work coordinately to reduce the intracellular concentration of xenobi-
otics and the absorption of orally taken drugs, due to their co-
localization in the intestinal epitheliumand the largely overlapping sub-
strate specificities (von Richter et al., 2004; Wacher et al., 1995;
Watkins, 1997). This P-gp/CYP3A4 interplay is the most well-known
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transport-metabolism interplay (Benet, 2009). Because of the broad
and overlapping spectrum of inhibitors for both proteins, drug-drug in-
teractions (DDIs) based on this interplaymay occur frequently (Shi and
Li, 2015;Wacher et al., 1995;Wandel et al., 1999). The studies on the P-
gp/CYP3A4 interplay and related DDIs are of clinical importance, as they
may result in altered bioavailability and altered intestinal toxicity due to
altered intracellular exposure and require investigation in the pre-
clinical phase of drug development. For instance, Choi et al. demonstrat-
ed a significant interaction between verapamil and atorvastatin in
healthy volunteers (Choi et al., 2008). Atorvastatin, dual inhibitor of
both P-gp and CYP3A4, enhanced the oral bioavailability of verapamil
by inhibiting the P-gp efflux pump, and meanwhile decreased verapa-
mil metabolism, probably due to inhibition of CYP3A4 (Srinivas,
2008). Thus, the studies on the P-gp/CYP3A4 interplay and related
DDIs are of clinical importance and require investigation in the pre-
clinical phase. Moreover, it is obvious that the effect of P-gp/CYP3A4 in-
terplay and related DDIs highly correlates with the expression levels of
P-gp and CYP3A4 in the intestine. Results of mRNA and Western blot
analysis show that their expression patterns are very different along
the intestinal tract, with colon ≤ duodenum b jejunum b ileum for P-
gp (MacLean et al., 2008; Takano et al., 2006) and
colon ≤ ileum b jejunum b duodenum for CYP3A4 (Mitschke et al.,
2008). The most recent quantification of protein abundance by LC-MS/
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Table 1
Characteristics of the human intestine donors.

Intestine ID Gender Age Region Surgical procedure

1 M 66 Jejunum PPPD
2 F 42 Jejunum PPPD
3 F 62 Jejunum PPPD
4 F 57 Jejunum PPPD
5 M 69 Jejunum PPPD
6 F 84 Jejunum PPPD
7 M 76 Jejunum PPPD
8 M 69 Jejunum PPPD
9 F 67 Jejunum PPPD
10 M 71 Colon Hemicolectomy
11 F 67 Colon Hemicolectomy
12 M 76 Ileum & colon Hemicolectomy
13 M 64 Ileum & colon Hemicolectomy
14 F 66 Ileum Hemicolectomy
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MS confirmed the different expression of P-gp in human intestinal re-
gions (Drozdzik et al., 2014), while the absolute abundance of CYP3A4
protein in human intestine is not available currently. Notably, the ex-
pression of transporters and metabolizing enzymes in in vitro models
of the human intestine, such as Caco-2 cell lines, is different from their
physiological levels, thus they cannot mimic the physiological situation
in different intestinal region (Artursson and Borchardt, 1997). There-
fore, a proper model which could directly use the intestinal tissue
fromhuman and/or animals, andmeanwhile provide efficient screening
capacity, is preferable. The precision-cut intestinal slice (PCIS) model
has been established to investigate intestinal drug metabolism, toxicity,
and more recently transport in both human and animals (Khan et al.,
2011; Li et al., 2015; Martignoni et al., 2006; van de Kerkhof et al.,
2005; van de Kerkhof et al., 2006), andwas recently presented as an ad-
equate model to study transport-metabolism interplay in rat intestine
(Li et al., 2016b). The aim of this study was to investigate the P-gp/
CYP3A4 interplay and theDDIs based on this interplay to P-gp inhibition
in different regions of the human intestine. As species differences with
respect to metabolizing enzymes and transporters functions between
rats and human are prominent, results as obtained in the previous
studywith rat intestine (Li et al., 2016b) cannot be directly extrapolated
to human. To the best of our knowledge, the consequences of the P-gp/
CYP3A4 interplay is still under debate (Benet, 2009; Pang et al., 2009)
and have not been studied before in human tissue ex vivo.

Since several drug transporters and metabolizing enzymes are pres-
ent in PCIS, selective P-gp inhibitors are needed in order to avoid the in-
fluence of inhibition of metabolism, as many P-gp inhibitors are also
cytochrome P450 inhibitors. CP100356 and PSC833 were chosen as se-
lective P-gp inhibitors, due to their high selectivity for P-gp inhibition
(Kalgutkar et al., 2009;Wandel et al., 1999), whereas verapamil and ke-
toconazole, two well-studied inhibitors of both P-gp and CYP3A4
(Wandel et al., 1999), were employed as dual inhibitors to investigate
the consequences of DDIs under non-selective P-gp inhibition, as most
of P-gp inhibitive compounds inhibit both P-gp and CYP3A4. Quinidine
(Qi), which has been used clinically for N200 years as antiarrhythmic
drug (Grace and Camm, 1998), was chosen as the probe drug for the
P-gp/CYP3A4 interplay, because it is a well-known dual substrate of P-
gp and CYP3A4 that does not significantly inhibit CYP3A4 (McLaughlin
et al., 2005). Itwas reported to inhibit P-gp but at a relative high concen-
trationwith an IC50 of 14.1 μM inMDCKII cells (Keogh and Kunta, 2006),
23.6 μM in rat PCIS (Li et al., 2015) and 35.7 μM in human PCIS (Li et al.,
2016a). Furthermore, Qi is extensively metabolized by CYP3A4 into 3-
hydroxy-quinidine (3OH-Qi) (Hu et al., 2004), which is considered to
be the specificmarker reaction for CYP3A4 activity (Nielsen et al., 1999).

2. Materials and methods

2.1. Chemicals

Quinidine, verapamil hydrochloride, ketoconazole and agarose (low
gelling temperature, type VII-A) were from Sigma-Aldrich (USA).
PSC833 and CP100356 were obtained from Tocris Bioscience (UK).
Amphotericin B (fungizone)-solution, gentamicin, and William's medi-
um E with glutamax-I (WME) were purchased from Invitrogen (UK).
HEPESwas fromMPBiomedicals (Germany). Antipyrinewas purchased
from O. P. G. Pharma (the Netherlands). 3-Hydroxy-quinidine was pur-
chased from Toronto Research Chemicals Inc. (Canada).

2.2. Human intestinal tissue

The use of human intestinal tissue, which was obtained from
surgical resections, was approved by the Medical Ethical Committee
of the University Medical Center Groningen. Human jejunum
tissue was obtained from patients undergoing pylorus-preserving
pancreaticoduodenectomy (PPPD), whereas human ileum and colon
tissue was from patients undergoing hemicolectomy. The
characteristics of the donors are listed in Table 1. Due to the relative
scarcity of human ileum and colon tissue and the considerable P-gp ac-
tivity in human jejunum, all studies apart from the study on regional dif-
ferences, were performed with human jejunum.

2.3. Preparation and incubation of human PCIS

After resection, the intestine explant was quickly submerged and
stored in ice-cold carbogenated Krebs-Henseleit buffer, and then deliv-
ered to the laboratorywithin 20min. Precision-cut intestinal sliceswere
prepared from the human jejunum, ileum and colon as previously de-
scribed (de Graaf et al., 2010; van de Kerkhof et al., 2005). Briefly,
after arrival, the tissue was gently flushed with ice-cold, carbogenated
Krebs-Henseleit buffer to remove blood and other remaining luminal
content. After removing the muscle layer and cutting the mucosa layer
into sheets of 10 × 20 mm, each sheet of tissue was embedded in 3%
(w/v) agarose solution (maintained at 37 °C) in a precooled embedding
unit (Alabama R&D, USA). PCIS, approximately 350–450 μmof thickness
and 2–4 mg of wet weight, were made using a Krumdieck tissue slicer
(Alabama R&D, USA) after the agarose solution had solidified. After ran-
domization of the slices from the same regions, the slices were incubat-
ed as described previously (Li et al., 2015). Briefly, all the slices were
first pre-incubated individually in a 12-well culture plate with 1.3 ml
William's medium E in a pre-warmed cabinet (37 °C) under humidified
carbogen (95% O2 and 5% CO2) for 30 min without or with P-gp inhibi-
tors. Then incubation was started by adding the required amount of Qi
stock solution.

2.4. Viability of PCIS

Intracellular ATP levels in the PCIS were evaluated to monitor the
overall viability of the slices during incubation in parallel groups (van
de Kerkhof et al., 2006). To evaluate the toxicity of Qi and P-gp inhibi-
tors, the ATP content in slices was measured after 3 h of incubation
with the highest concentrations used in the study, i.e. 200 μM Qi, 5 μM
CP100356, 2 μM PSC833, 20 μM verapamil or 20 μM ketoconazole, and
compared with the corresponding control group. The ATP content was
determined using the ATP Bioluminescence Assay Kit as previously de-
scribed (de Graaf et al., 2010) in the supernatant after homogenization
of the slices in 70% ethanol and 2 mM EDTA and centrifugation of the
slice homogenate. The pellet after drying was used for protein
determination.

2.5. The P-gp/CYP3A4 interplay

To study the time course of Qi uptake and metabolism in human
PCIS, slices prepared from human jejunum were incubated with Qi
(final concentration: 2 μM). Tissue and medium samples were



Table 2
Multiple reaction monitoring (MRM) transitions of the P-gp and villin peptides and the
corresponding internal standard (AQUA).

Protein Peptide sequence MW Q1 Q3-1 Q3-2 Q3-3

P-gp NTTGALTTR 934.0 467.7 719.4 216.1 618.4
P-gp-AQUA NTTGAL[13C,15N]TTR 950.0 471.2 726.5
Villin GDVFLLDLGK 1076.3 538.8 805.5 658.4 545.4
Villin-AQUA GDVFLLDL[13C,15N]GK 1083.3 542.3 812.5
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harvested from parallel wells at 0, 15, 30, 60, and 120min after addition
of Qi and then stored at −20 °C until further analysis.

To investigate the concentration dependency of Qi uptake and me-
tabolism, slices from human jejunumwere incubated with various con-
centrations of Qi, ranging from 0 to 200 μM, for 120 min. At the end of
the incubation, 1 ml of medium was collected and slices were rinsed
in ice-cold PBS for 5 min and stored at−20 °C.

2.6. Interplay-based DDIs with P-gp inhibitors

PCIS prepared from human jejunum, ileum and colon, were pre-
incubated for 30 min in the absence or presence of an inhibitor
(CP100356, PSC833, verapamil and ketoconazole, respectively) and
then incubatedwith 2 μMofQi for 120min. The addition of the inhibitor
during the pre-incubation allowed sufficient uptake to ensure the pres-
ence of the inhibitor in the enterocytes at themoment the substratewas
added. Tissue and medium samples were harvested and stored as de-
scribed above. Based on literature reports (Wandel et al., 1999) and
our preliminary studies, 0.5 μM CP100356 and 2 μM PSC833 were
used to achieve sufficient P-gp inhibition without inhibition of
CYP3A4, while verapamil (20 μM) and ketoconazole (20 μM) were
used as dual inhibitors for P-gp and CYP3A4.

2.7. LC-MS/MS of Qi and 3OH-Qi

In order to quantify the amount of Qi and 3OH-Qi from the tissue and
medium samples, the samples were pretreated as described earlier (Li
et al., 2016b). Briefly, by adding acetonitrile (containing 10 nM antipy-
rine as internal standard), Qi and 3OH-Qi were extracted and the pro-
tein was precipitated. After centrifugation, the supernatant was frozen
at −80 °C and then lyophilized at −20 °C by freeze-drying (Martin
Christ Gefriertrocknungsanlagen, Germany). After reconstitution with
200 μl of 40% methanol (containing 0.1% formic acid) and
Fig. 1. The time course of Qi (left Y-axis) and 3OH-Qi (right Y-axis) content in the slice
after incubation with 2 μM Qi in the absence or presence of the P-gp inhibitor
CP100356 at 2 μM in PCIS from human jejunum (n = 3). ⁎Significant increase of Qi and
3OH-Qi in the slice was found at 60 and 120 min by P-gp inhibition (one-way ANOVA
and the Bonferroni test as post-hoc test).
centrifugation, 150 μl supernatant was transferred into a 96-well plate
with a pierceable cover. The plate was centrifuged at 2000 rpm at 4 °C
for 20 min (Beun de Ronde, the Netherlands). The LC-MS/MS analysis
was performed as described earlier (Li et al., 2016b).

2.8. Protein determination

The remaining pellet left from the ATP assay and LC-MS/MS analysis
was dried overnight at 37 °C and dissolved in 200 μl of 5 M NaOH for
30 min. After dilution with H2O to 1 M NaOH, the protein content of
the samples was determined using the Bio-Rad DC Protein Assay (Bio-
Rad, Germany)with a calibration curve prepared from bovine serum al-
bumin. The protein content of each slice was used to normalize for the
size variation of the intestinal slices.

2.9. Quantification of P-gp in the intestine

The absolute expression levels of P-gp and villin at the outer plasma
membrane of human intestinal samples (jejunum, n = 4) were deter-
mined as previously described (Bosgra et al., 2014; van de Steeg et al.,
2013). Samples were processed in duplicate (except for one sample,
which was processed in mono due to insufficient amounts of tissue),
and approximately 350mg human intestinal tissuewas used for plasma
membrane isolations per run. After trypsin digestion, the samples were
analyzed by a UPLC coupled to a 6500 QTrap mass spectrometer (AB
Sciex). The peptide sequence was chosen according to the in silico pep-
tide criteria defined by Kamiie et al. (2008) and is exclusively present in
the target protein of interest (i.e. P-gp or villin). For each peptide, three
transitions (Q3-1, Q3-2, and Q3-3) were used for quantitation and con-
firmation, listed in Table 2. A peptide labeled with 15N and 13C (AQUA
peptide) was synthesized (Sigma Aldrich, Steinheim DE) and used as
an internal standard for quantification (Table 2). Peak identification
and quantification was performed usingMasslynx software version 4.1.

2.10. Statistical analysis

All the PCIS experimentswere performedwith tissue from 3 to 5 dif-
ferent human donors, and within each experiment 3 parallel slice incu-
bations were performed for each experimental condition. The average
of the three individual slices of one human intestine was considered
as one observation. The results are expressed as mean ± S.E.M. of the
values for the different human donors. One-way ANOVA and two-way
ANOVA followed by the Bonferroni test as post-hoc test were used to
compare multiple groups with one factor and two factors, respectively.
In all cases, p b 0.05 was predetermined as the criterion for significance.

3. Results

3.1. Viability of the human PCIS

After 3 h of incubation the PCIS from human jejunum, ileum and
colon retained N80% (p N 0.05) of the level of intracellular ATP in fresh
slices at 0 h, as shown earlier (Li et al., 2016a), indicating that the PCIS
remain viable during incubation. Furthermore, the exposure to the P-
gp substrate (Qi, 200 μM) or inhibitors at their highest concentration
had no significant influence on the ATP content in PCIS (results not
shown). These results indicate that Qi and the P-gp inhibitors did not in-
fluence the viability of PCIS during incubation.

3.2. Time course of uptake and metabolism of quinidine

As shown in Fig. 1, after the first 30min of incubation, the Qi content
in the slice reached equilibrium, indicating a balance between uptake,
efflux andmetabolism,whichwasmaintained till the end of the incuba-
tion (120min). During exposure to a P-gp inhibitor, an equilibriumwas
also achieved but at a higher steady state level of Qi in the slice



Fig. 2. The concentration dependency of Qi (left Y-axis) and 3OH-Qi (right Y-axis) content in PCIS (a) and the total 3OH-Qi production by PCIS (b) fromhuman jejunumPCIS after 120min
of incubation with different concentrations of Qi (n = 4).
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(p b 0.05 at 60 and 120min), which could be the result of inhibition of P-
gp efflux or inhibition ofmetabolism. As the totalmetabolism into 3OH-
Qi, calculated using the sum of the amounts of metabolite found in the
tissue and in the medium, was not decreased in the presence of the P-
gp inhibitor (see Figs. 2 and 5), the increased Qi content in the slice
was caused by inhibition of P-gp efflux. In line with the Qi content in
the slice, also the 3OH-Qi in the slice reached an equilibrium level at ap-
proximately 1.8% of the intracellular Qi content, and this steady state
level was also enhanced by P-gp inhibition. The AUCs of Qi and 3OH-
Qi in the slice calculated after the indicated incubation times, which rep-
resent the intracellular exposure to Qi and 3OH-Qi, were enhanced from
9.1 ± 0.3 to 14.1 ± 2.6 nmol·min/mg protein and from 0.16 ± 0.01 to
0.64 ± 0.13 nmol·min/mg protein (p b 0.05), respectively. The total
metabolic rate, calculated as the sum of the amounts of metabolite in
tissue and medium, was constant during this equilibrium after 30 min.
In addition, under P-gp inhibition, despite of the significantly increased
3OH-Qi concentration in slice, the 3OH-Qi excreted into themediumde-
creased. After 120min of incubation the amount of metabolite retained
in the slices was only 5.6% of the total amount of metabolites produced,
whereas under P-gp inhibition, the percentage was enhanced to 26.2%

3.3. Concentration dependent uptake and metabolism of quinidine

The influence of different Qi concentrations on the P-gp/CYP3A4 in-
terplay was studied at 120 min, when equilibrium was reached. As
shown in Fig. 2a, the Qi content in the slice increased in a concentration
dependentmanner. The 3OH-Qi content in the slices and the total 3OH-
Qi production were also accordingly increasing in a concentration-
dependent manner until 50 μM Qi. At higher concentrations of Qi, the
slice content of 3OH-Qi and the total 3OH-Qi production did not
Fig. 3. Left panel: the fold change of the amount of Qi in the slices in the presence of P-gp inhibito
to the corresponding control group (two-way ANOVA and the Bonferroni test as post-hoc test
different amount of Qi (one-way ANOVA and the Bonferroni test as post-hoc test). (n = 6 for j
increase further, despite an increase in slice concentration of Qi, possibly
due to saturation of CYP3A4 metabolism. The plateau in the curve indi-
cates that the 3OH-Qi production in human jejunum PCIS reached its
maximum. The Vmax of human intestinal Qi metabolism, calculated as
the average of the production rate at Qi 50–200 μM, was 4.7 ±
0.2 pmol/(mg slice protein)/min in the jejunum. However, as the rate
of metabolism at low concentrations is influenced by the P-gp efflux,
the calculation of an apparent Km is not reliable

3.4. The influence of P-gp inhibitors on the P-gp/CYP3A4 interplay in jeju-
num, ileum and colon

The effect of both selective and non-selective P-gp inhibitors on the
P-gp/CYP3A4 interplay was studied in jejunum, ileum and colon PCIS at
a concentration of 2 μMQi, atwhich P-gp efflux appeared to limit the in-
tracellular concentration. In slices that were not exposed to the inhibi-
tors, the Qi content in the slices at steady state was low in jejunum
and ileum but significantly higher in colon, in line with the lower P-gp
and CYP3A4 content in colon (Fig. 3 right panel). By co-incubation of
Qi with various P-gp inhibitors, as shown in Fig. 3, the Qi content in
the slices was significantly enhanced by approximately 2.1–2.6 fold in
jejunumand2.6–3.8 fold in ileum,while the increasewasnot significant
in colon.

In addition, the selective P-gp inhibitors, CP100356 and PSC833,
considerably enhanced the 3OH-Qi metabolite content in the slices of
the jejunum (approximately 10-fold) and ileum (approximately 20-
fold) but not in the slices of the colon (b1.2-fold) (Fig. 4), which is in
linewith the relative P-gp expression in these regions. However, for ve-
rapamil no change inmetabolite contentwas observed,while ketocona-
zole clearly reduced the CYP3A4 metabolism, in line with its strong
rs in different regions of human intestine. ⁎Significant increase of Qi in the slices compared
). Right panel: the absolute amount of Qi in the slices of the control groups. #Significantly
ejunum, n = 3 for ileum, n = 4 for colon).



Fig. 4. Left panel: fold change in the amount of 3OH-Qi in the slices of the different regions of human intestine in the presence of P-gp inhibitors. ⁎Significant increase of 3OH-Qi in the slices
compared to the corresponding control group (p b 0.05 two-way ANOVA and the Bonferroni test as post-hoc test). Right panel: the absolute amount of 3OH-Qi in the slices of the control
groupswithout P-gp inhibitors. #Significantly (p b 0.05) different amount of 3OH-Qi in the slices (one-way ANOVA and the Bonferroni test as post-hoc test). (n=6 for jejunum, n=3 for
ileum, n = 4 for colon).
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inhibition of CYP3A4. As the baseline production of metabolites is much
higher in jejunum than in ileum (Fig. 4 right panel), the absolute
amount of produced metabolites upon P-gp inhibition was still higher
in jejunum than in ileum (increase from 17.5 to approximately
40 pmol/mg protein by P-gp inhibition in jejunum whereas from 1.6
to approximately 11 pmol/mg protein in ileum), although the fold
change was higher in ileum.

The difference between the intestinal regions with respect to the
total 3OH-Qi production (the total amount in slice and medium) is
given in Fig. 5. We observed a 2.1–2.7-fold increase of total 3OH-Qi pro-
duction by the selective P-gp inhibitors in jejunum and a 6.6–8.5 fold in-
crease in ileum, whereas no increase was found in colon. In contrast,
verapamil and ketoconazole did not increase the metabolism but
inhibited it. The lack of response to P-gp inhibition in colon is probably
due to the low expression of both P-gp and CYP3A4. Similar to the
changes of intracellular 3OH-Qi, the enhancement of absolute amount
of metabolite was actually larger in jejunum due to the higher produc-
tion in the control group of human jejunum. In addition, after co-
incubation with P-gp inhibitors, the fold increase of intracellular accu-
mulated 3OH-Qi was always higher than that in themedium, indicating
that 3OH-Qi is a substrate of P-gp.

3.5. Correlation between P-gp abundance and inhibition effect

The P-gp abundancewasmeasured in the tissue of 3 human jejunum
samples (No. 6, No. 7 and No. 9 in Table 1). The absolute abundance of
Fig. 5. Left panel: the fold change in total 3OH-Qi production in thepresence of P-gp inhibitors by
corresponding control group (two-way ANOVA and the Bonferroni test as post-hoc test). Right p
gp inhibitors. #Significant difference in total 3OH-Qi production (one-way ANOVA and the Bon
intestinal P-gp and the responses to P-gp inhibition by 0.5 μM
CP100356,with respect to the tissue content of Qi, 3OH-Qi and totalme-
tabolism, are listed in Table 3. The results show that the fold changes of
Qi and 3OH-Qi content in the individual slices and of the total metabo-
lismupon P-gp inhibitionwerewell in concordancewith the absolute P-
gp abundance.

4. Discussion

The activity of P-gp and CYP3A4 in the intestine is one of the reasons
of the low oral bioavailability of many drugs. In addition, many studies
support that P-gp and CYP3A4 act synergistically to reinforce their lim-
iting effect on intestinal absorption and enhancement of intestinal me-
tabolism of their shared substrates, such as Qi (Dufek et al., 2013; Peng
et al., 2006; Watkins, 1997). Furthermore, DDIs based on this interplay
are expected to occur frequently, because P-gp and CYP3A4 not only
share substrates but they are also sensitive to a broad spectrumof inhib-
itors. In the intestine, P-gp/CYP3A4 interplay-based DDIs with P-gp in-
hibitors have major consequences for the disposition of the shared
substrates and their metabolites (Audus et al., 1996; Cummins et al.,
2002).

In the present study, we demonstrated that the Qi concentration in
intestinal slices was considerably influenced by P-gp efflux and that
consequently the concentration of 3OH-Qi in the slices and the total
3OH-Qi production correlated with the intracellular Qi concentration
(Figs. 1 and 2). Furthermore, upon applying a selective P-gp inhibition,
slices of the different regions of thehuman intestine. ⁎Significant increase compared to the
anel: the absolute amount of the total 3OH-Qi production of the control groupswithout P-
ferroni test as post-hoc test). (n = 6 for jejunum, n = 3 for ileum, n = 4 for colon).



Table 3
The correlation between P-gp abundance and the responses to P-gp inhibition by 0.05 μM
CP100356 in human PCIS.

Intestine
ID

P-gp abundance (pmol/g
tissue)

Responses (fold change)

Qi in
slice

3OH-Qi in
slice

3OH-Qi total
production

6 0.68 1.4 4.0 2.0
7 1.66 2.4 9.6 3.0
9 1.56 2.5 9.2 2.6
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the tissue concentration of Qi increased 2.1–3.8 fold (Fig. 3) and the
tissue concentration of 3OH-Qi, the metabolite of Qi, increased more
remarkably 9.1–19.6 fold (Fig. 4). Moreover, the total 3OH-Qi produc-
tion was enhanced by approximately 2.5 fold in jejunum and 7.5 fold
in ileum (Fig. 5). These results indicate that selective inhibition of P-gp
can have a significant effect on the local tissue concentration of a drug,
because (at low drug concentrations) P-gp activity (and not CYP3A4 ac-
tivity) is the rate-limiting step in the intestinal disposition of the drug
(The International Transporter Consortium, 2010). Furthermore, also
the local tissue concentration of themetabolite can be remarkably accu-
mulated, increasing the potential risk for intestinal toxicity. The total
metabolite production also increased, which in vivo results in a higher
metabolite formation. The net effect on the bioavailabilitywill be the re-
sult of the increased net uptake and the increased metabolism, which
depends on the affinity and maximal capacity of both P-gp and
CYP3A4 for the parent drug and themetabolites. However, the concom-
itant inhibition of CYP3A4 activity of a non-P-gp-selective inhibitor may
counteract the enhancement of intestinal CYP3A4 metabolism by P-gp
inhibition.

Benet et al. stated that in vivo the P-gp efflux would increase the in-
tracellular residence time by cycling the drug several times between
enterocytes and gut lumen (Benet, 2009), thus increasing the extent
of intestinal CYP3A4 metabolism (Cummins et al., 2002; Cummins
et al., 2003). In other words, P-gp inhibitionwill lead to a decrease of in-
testinal CYP3A4 metabolism. Our findings here and those earlier in rat
PCIS (Li et al., 2016b), do not support this assumption, at least when
the concentration of the substrate is low. In line with our findings,
Dufek et al. found that P-gp inhibition, mimicked in P-gp-deficient
mice, increases the intestinal metabolism of loperamide when its intes-
tinal concentration is near the apparent Km for Cyp3a (Dufek et al.,
2013). In addition, Pang et al., found that P-gp efflux limits intestinal
metabolism due to the competition between P-gp and CYP3A4 for the
substrate within the cell and that their interplay is independent of the
mean residence time of the drug in the system (Pang et al., 2009).
Therefore, they also concluded that P-gp inhibitionwill increasemetab-
olism, since the intracellular substrate concentration, available to
CYP3A4, will be increased. Anyway, there is no doubt that P-gp/
CYP3A4 interplay-based DDIs by P-gp inhibitors change the disposition
of dual P-gp/CYP3A4 substrates.

Most of the reported studies on P-gp/CYP3A4 interplay were per-
formed in only one segment of the intestine (Cummins et al., 2003),
or in vivo including the whole intestine (Dufek et al., 2013). Several re-
ported in vitro experimentsmade use of cell lines (Cummins et al., 2002;
Hochman et al., 2000), such as Caco-2, which overexpresses P-gp but
have low CYP expression or CYP3A4-transfected Caco-2, in which
CYP3A4 expression might be unstable and its expression relative to P-
gp is unknown. To be able to predict the consequences of DDI related
to the P-gp/CYP3A4 interplay in vivo, however, the predictive model
should express P-gp and CYP3A4 in the same ratio as in the intestine
in vivo. This is complicated by the fact that in vivo the ratio of expression
differs considerably in the different regions of the intestine. P-gp and
CYP3A4 are expressed heterogeneously, actually in an opposite pattern
along the intestine. The expression of P-gp increases from proximal in-
testine to the distal region of the small intestine (ileum) however it is
low in colon (Drozdzik et al., 2014; MacLean et al., 2008). The
expression level of CYP3A is highest in duodenum and jejunum but de-
creases towards the ileum and is even less expressed in colon (Mitschke
et al., 2008). As a result, several combinations of P-gp and CYP3A4 levels
exist, i.e. duodenum (low P-gp, highest CYP3A4), jejunum (medium P-
gp, medium CYP3A4), ileum (highest P-gp, low CYP3A4) and colon
(low P-gp, low CYP3A4). Therefore, in the present study with human
PCIS the full scope of the interplay in human intestine has been studied.
It appeared that the P-gp inhibitors had a greater effect on the Qi con-
centration in the tissue in the ileum than in the jejunum (Fig. 3). Conse-
quently the total production of the metabolite was further increased in
ileum than in jejunum. The absolute amount of themetabolites formed,
which depends on both the intracellular concentration of the substrate
and the expression level of CYP3A4, wasmore increased in the jejunum
(Figs. 4 and 5) compared to that in ileum and colon reflecting the differ-
ences in P-gp and CYP3A4 expression in the different intestinal regions.
Almost no response to P-gp inhibition was observed in the colon,
reflecting its low expression of both P-gp and CYP3A4.

The relevance of differences in P-gp and CYP3A4 expression for the
outcome of DDI was also reflected by the correlation that we found be-
tween P-gp abundance in the different samples of jejunum and the in-
crease of intracellular Qi and (produced) metabolite (Table 3). It was
shown that, similar to the regional differences, higher P-gp expression
in the different individuals resulted in proportionally higher Qi accumu-
lation and metabolite formation. This indicates that the intracellular Qi
concentrations (even after P-gp inhibition) were probably below the
Km of CYP3A4 in these individual intestinal samples.

Human in vivo data on this interplay is scarce due to ethical limita-
tions for in vivo experiments. Therefore, pre-clinical investigations are
performed in animals. However, species differences can be a major
problem in the translation of ADME results for drug candidates from an-
imal models to human in vivo. The direct use of human tissue ex vivo to
test ADME-tox properties of drug candidates could therefore offer a
well-needed solution. To our best knowledge, the present study is the
first P-gp/CYP3A4 interplay study on human intestinal tissue ex vivo.
With human PCIS, we aim to get more relevant data to predict DDI in
human intestine. When comparing to our earlier DDI study in rat PCIS
(Li et al., 2016b), many species differences are found. The Vmax of intes-
tinal Qi metabolism was 4.76 ± 0.20 pmol/(mg slice protein)/min in
human jejunum,whichwas approximately 3 fold of that in rat jejunum,
indicating the higher activity or expression of CYP3A in human jejunum.
In addition, the increase of Qi in the slice by P-gp inhibition was higher
in human intestine, suggesting that the activity or expression of P-gp in
the human intestine may also be higher than in the rat intestine. In line
with the difference of P-gp and CYP3A, the total 3OH-Qi production in-
creased more in human by P-gp inhibition but the regional differences
are smaller in human. In addition, the accumulation of 3OH-Qi was
less increased by the P-gp inhibitor in human than in rat PCIS, indicating
that thismetabolitemay have a different affinity for the human than the
rat P-gp. The results support the use of human instead of animal PCIS for
more adequate representation of the human situation. The limitation of
the use of human PCIS lies in the limited availability of fresh human tis-
sue, although when tissue is available, many slices can be prepared and
many experiments can be performed in one tissue sample. A second
limitation lies in the fact that although both basolateral and apical efflux
takes place, vectorial transport cannot be measured, but this is of less
importance when the effect of DDI's on local cellular concentrations of
drugs and metabolites is studied.

All the above-mentioned regional differences and species differ-
ences give us indications about the effect of P-gp inhibitors on the sys-
temic bioavailability and local exposure of the drug and its metabolite,
which can have critical clinical implications. In the present study, Qi
was used as a model probe to illustrate the P-gp/CYP3A4 interplay via
Qi uptake and metabolism and the consequence of interplay-based
DDI to P-gp inhibitors. However, the intestinal concentration of Qi
after a therapeutic dose of 200–400 mg could be up to 2.5–5.0 mM,
which is sufficient to inhibit intestinal P-gp efflux and saturate intestinal
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CYP3A4 metabolism. In this situation, the influence of P-gp/CYP3A4 in-
terplay and P-gp inhibitionwould not be obvious. However, for drugs of
which the luminal concentrations are lower than the respective Km's of
CYP3A4 and P-gp, P-gp inhibition may have considerable effects on the
absorption of the drug and the local concentration of the metabolite.
When CYP3A4 mediated metabolism gives rise to formation of reactive
metabolites, the human ileum and jejunum seem to be most prone to a
toxic insult since P-gp inhibition may dramatically increase tissue con-
centrations of the CYP3A4 product, as demonstrated in our study.
5. Conclusions

To the best of our knowledge, the present study is the first ex vivo
study on P-gp/CYP3A4 interplay and its relatedDDIs in human intestine.
We show that human PCIS are an adequate and efficient ex vivomodel
to study these effects. The results indicate that the outcome of DDIs
based on P-gp/CYP3A4 interplay varies among the different intestinal
regions (jejunum, ileum, and colon), probably because of the different
abundance of P-gp and CYP3A4.Moreover, the DDIwas shown to be de-
pendent on the selectivity of the applied inhibitors for P-gp and CYP3A4.
This may have important clinical implications for the disposition and
toxicity of drugs and their metabolites, since remarkable changes in
the intracellular concentration of both the parent drug and the
metabolite were observed. In future studies, human PCIS can be used
to predict the interplay between other intestinal transporters and
metabolizing enzymes, which may help to identify the risk of DDIs
and inadequate pharmacotherapeutic effects of newly developed
compounds.
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