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Decreased P-glycoprotein (P-gp/MDRI) Expression in Inflamed
Human Intestinal Epithelium is Independent

of PXR Protein Levels

Hans Blokzijl, MD,* Sara Vander Borght,” Lisette I.H. Bok,* Louis Libbrecht, MD, PhD," Mariska Geuken, *
Fiona A.J. van den Heuvel, MD,* Gerard Dijkstra, MD, PhD,* Tania A.D. Roskams, MD, PhD,*
Han Moshage, PhD,* Peter L.M. Jansen, MD, PhD,* and Klaas Nico Faber, PhD*

Background: Altered P-glycoprotein expression (P-gp/MDRI)
and/or function may contribute to the pathogenesis of gastrointesti-
nal inflammatory disorders. Low intestinal mRNA levels of the
pregnane X receptor (PXR) have been linked to low MDR1 mRNA
levels in patients with ulcerative colitis (UC). Here we compared
intestinal MDR1 mRNA and protein expression in uninflamed and
inflamed intestinal epithelium (IE) of patients with gastrointestinal
inflammatory disorders to healthy controls.

Methods: Intestinal mucosal biopsies were obtained from patients
with Crohn’s disease (CD, n = 20), UC (n = 10), diverticulitis (n
= 3), collagenous colitis (# = 3), and healthy controls (n = 10).
MDRI1, iNOS, MRP1, CYP3A4, and PXR expression was deter-
mined using real-time reverse-transcriptase polymerase chain reac-
tion (RT-PCR), Western blotting, and/or immunohistochemistry.
Furthermore, MDR1 expression was determined in human intestinal
biopsies and the human colon carcinoma cell line DLD-1 after
exposure to cytokines (TNF-«, IFN-vy, and/or IL-1p).

Results: MDR1 mRNA levels in uninflamed colon of UC patients
were comparable to healthy controls, while they were slightly de-
creased in ileum and slightly increased in colon of CD patients.
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MDRI1 expression, however, was strongly decreased in inflamed IE
of CD, UC, collagenous colitis, and diverticulitis patients. A cyto-
kine-dependent decrease of MDRI expression was observed in
human intestinal biopsies, but not in DLD-1 cells. Remarkably, PXR
protein levels were equal in uninflamed and inflamed tissue of CD
and UC patients despite low PXR mRNA levels in inflamed tissue.

Conclusions: MDR1 expression is strongly decreased in inflamed
IE of patients with gastrointestinal disorders and this is independent
of PXR protein levels. Low MDRI1 levels may aggravate intestinal
inflammation.

(Inflamm Bowel Dis 2007;13:000—000)

Key Words: P-glycoprotein/multidrug resistance 1, intestinal epi-
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A single layer of intestinal epithelial cells (IECs) make up
the barrier between the host and the luminal content of
the intestine. The cells of the mucosal immune system are
protected against the luminal antigen load by this single layer
of epithelial cells. Disturbance of the integrity of the epithe-
lial cell barrier contributes to the development of mucosal
inflammation.! Many proteins are expressed by epithelial
cells that are directly or indirectly involved in maintaining the
protective barrier, including substrate transport proteins, tight
junction proteins, and trefoil peptides.>~* An additional im-
portant function of the epithelium is the facilitation of trans-
epithelial transport of essential nutrients and the efflux of
potentially toxic compounds. Many of these transport func-
tions are performed by proteins belonging to the ATP-binding
cassette (ABC) transporter family.>

P-glycoprotein (P-gp/MDR1), encoded by the ABCBI
gene, is an 170-kDa transmembrane protein that is highly
expressed at the apical side of the intestinal epithelium (IE).°
Its function is to mediate efflux of compounds from the
mucosa to the gut lumen. There is increasing evidence that
changes in MDRI1 function and/or expression contribute to
the pathogenesis of inflammatory disorders of the gastroin-
testinal tract.” Inflammatory bowel disease (IBD)-susceptibil-
ity loci were found on chromosome 7, in which the MDRI
gene is located.® Indeed, single nucleotide polymorphisms

1



Blokzijl et al

Inflamm Bowel Dis

TABLE 1. Baseline Characteristics

Crohn’s Ulcerative Collagenous Healthy
Characteristics Disease Colitis Colitis Diverticulitis Controls
Mean age, yr (range) 40 (20-62) 48 (27-78) 69 (63-73) 61 (54-68) 38 (17-56)
Sex (M/F) 4/16 4/6 0/3 12 6/4
Mean duration of disease
de novo, no. patients 10/20 0/10 — — —
long-term disease, no. patients 10/20 10/10 — — —
yr (range) 10 (3-39) 9 (1-23) — — —
Concomitant medication, (yes/no) 8/12 8/2 172 172 0/10
Corticosteroids 6 4 1 1 —
Sulfasalazine/mesalazine 2 7 — — —
Azathioprine 3 2 — 1 —
Methotrexate 1 — 1 — —

Results are expressed as means and ranges.

(SNPs) in the human MDRI gene have recently been reported
that show association with IBD.9-!! Also, the low mRNA
levels of the pregnane X receptor (PXR) and its target gene
MDRI1 in uninflamed intestinal tissue of ulcerative colitis
(UC), as recently reported by Langmann et al,'> are in line
with the association of MDR1 with IBD. However, not all
genetic studies support the association of specific MDRI1
SNPs and IBD. For instance, no association of the C3435T
polymorphism with UC or Crohn’s disease (CD) was de-
tected in large cohorts of UC and CD patients from northern
Europe and Greece, respectively.!3.14

Animal studies do support a possible association of
Mdrl function and intestinal inflammation. Panwala et al?
showed that Mdrla™’~ mice developed spontaneous intesti-
nal inflammation,'>-'¢ which is further aggravated when these
animals are exposed to Helicobacter bilis. These experiments
support the belief that a compromised IE barrier is involved
in the development of IBD.!”

Besides a primary effect of SNPs on MDR1 function, it
is also important to determine the effect of inflammation on
MDRI1 expression. Contradicting data have been reported
about hepatic Mdrl regulation during inflammation. In LPS-
treated rats we showed that Mdrlb in the liver is strongly
increased in an NF-«kB-dependent manner, whereas Mdrla
expression is unchanged.!'s:!° Other authors showed that he-
patic Mdrla and Mdrlb are downregulated in endotoxemic
rats and mice in an IL-1- and IL-6-dependent manner.20-23
Recent data suggest that inflammation also results in de-
creased levels of intestinal Mdrl in rats?4 and mice,2> but
human MDR1 expression is increased in Caco-2 cells treated
with proinflammatory cytokines.?®

No data are available yet on the effect of inflammation
on the expression of MDR1 in CD or UC, let alone what kind
of regulatory mechanisms may be involved. The aim of this
project was to study the intestinal expression of human
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MDRI and to determine the role of the transcriptional regu-
lator of MDR1 PXR in the inflamed epithelium.

MATERIALS AND METHODS

Patient Characteristics

Intestinal mucosal biopsy specimens were obtained
during endoscopy from patients with CD or UC and control
patients. Intestinal material from patients with diverticulitis
and collagenous colitis was used for the disease control
group. Diagnosis of IBD, diverticulitis, and collagenous co-
litis was established by endoscopic, radiologic, and his-
topathologic examination. The controls were patients referred
to our endoscopy center because of abdominal cramp and
diarrhea with unknown cause, Irritable Bowel Syndrome
(IBS), polyp surveillance, obstipation, changed stool fre-
quency, and anemia of unknown cause. The control patients
had no mucosal inflammation upon endoscopic and histologic
examination. Patient characteristics are described in Table 1.
The Ethics Committee of the University Medical Center
Groningen approved the protocol (METc 2002/177¢c).

Tissue Specimens

Intestinal biopsies were obtained from macroscopically
inflamed and noninflamed mucosa from the colon in UC
patients and from the terminal ileum and the colon in CD
patients. In addition, biopsies were taken from 4 different
intestinal areas (ileum, ascending colon, transverse colon, and
rectum) in 10 control patients using a standard biopsy for-
ceps. As disease controls, we used intestinal tissue that was
obtained after sigmoid resection of 3 patients with divertic-
ulitis and intestinal biopsies of 3 patients with collagenous
colitis. Intestinal specimens were immediately snap-frozen in
liquid nitrogen for mRNA and protein analysis or in dry
ice-cooled isopentane for immunohistochemical staining and
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TABLE 2. Sequences of Primers and Probes used for Real-time Detection PCR Analysis

18S sense
antisense
probe
MDRI1 sense
antisense
probe
iNOS sense
antisense
probe
MRP1 sense
antisense
probe
CYP3A4 sense
antisense
probe
PXR sense
antisense

probe

5'-CGG CTA CCA CAT CCA AGG A-3'

5'-CCA ATT ACA GGG CCT CGA AA-3’

5'FAM-CGC GCA AAT TAC CCA CTC CCG A-TAMRA3'
5'-GGC AAA GAA ATA AAG CGA CTG AA-3’

5'-GGC TGT TGT CTC CAT AGG CAA T-3’

5'FAM-CGT GTC CCA GGA GCC CAT CCT GT-TAMRA3'
5'-GGC TCA AAT CTC GGC AGA ATC-3'

5'-GGC CAT CCT CAC AGG AGA GTT-3'

5'FAM-TCC GAC ATC CAG CCG TGC CAC-TAMRA3'

5'-CTT CTG GAG GAA TTG GTT GTA TAG AAG-3’

5'-GGT AGA CCC AGA CAA GGA TGT TAG A-3’

5'FAM-TCT TTG AGA TGC TTC TGG CTC CCA TCA C-TAMRA3’
5'-GCA GGA GGA AAT TGA TGC AGT T-3'

5'-GTC AAG ATA CTC CAT CTG TAG CAC AGT-3’
5'FAM-ACC CAA TAA GGC ACC ACC CAC CTA TGA-TAMRA3’
5'-AGC AAT TCG CCA TTA CTC TGA AGT-3’

5'-CTG GGT GTG CTG AGC ATT GA-3’

5'FAM-AGA TCA TGG CTA TGC GCA CCG AGC TCC-TAMRA3’

stored at —80°C until further processing. Resection material
from patients with diverticulitis and intestinal biopsies from
patients with collagenous colitis were embedded in paraffin
after fixation in 6% formalin.

Cell Culture Experiments

The human colon carcinoma cell line DLD-1 or fresh
biopsy specimens obtained from control patients were used
for in vitro experiments. Biopsies were taken from macro-
scopic and microscopic normal mucosa from the transverse
colon. Human biopsies and DLD-1 cells were cultured in a
humidified incubator at 37°C in 5% CO, in RPMI medium
(Invitrogen, Breda, The Netherlands) supplemented with glu-
tamax, 10% v/v fetal calf serum (FCS, Gibco BRL, Breda,
The Netherlands), penicillin (50 U/mL), streptomycin (50
wg/mL), and fungizone (5 wg/mL) (BioWhittaker, Verviers,
Belgium). DLD-1 cells and human colon biopsies were in-
cubated for 8 hours with a cytokine mix (CM) composed of
10 ng/mL human tumor necrosis factor-a (TNF-a, R&D
Systems Europe, Abingdon, UK), 10 ng/mL human interleu-
kin-18 (IL-183, R&D Systems Europe), and 10 ng/mL human
interferon-y (IFN-y, R&D Systems Europe). Prior to the
CM-treatment, DLD-1 cells were placed on fresh serum-free
culture medium.

RNA Isolation and Quantitative Polymerase Chain
Reaction (PCR)

Total RNA was isolated as described previously.?”
RNA was checked on an agarose gel for integrity and RNA
concentration was measured using Ribogreen RNA quantita-
tion kit (Molecular Probes, Leiden, The Netherlands). Re-

verse transcription was performed on 2.5 mg of total RNA
using random primers in a final volume of 50 uL (Reverse
Transcription System, Promega, Madison, WI). Samples
were heated for 10 minutes at 25°C, followed by 60 minutes
at 37°C, and subsequently for 5 minutes at 94°C to terminate
the reverse transcription reaction.

For real-time PCR, 4 uL 20-fold diluted complemen-
tary DNA was used for every PCR reaction in a final volume
of 20 uL, containing 900 nmol/L sense and antisense primers,
200 nmol/L fluorogenic probe, 5 mmol/L MgCl,, 0.2 mmol/L
deoxynucleoside triphosphate mix, 2 uL real-time PCR
buffer (10X), and 0.5 U Hot Goldstar DNA Polymerase
(Eurogentec, Seraing, Belgium). Details of primers and
probes are described in Table 2. Fluorescence was measured
by an ABI Prism 770 Sequence Detector version 1.6 software
(Perkin Elmer Life Sciences, Foster City, CA) initialized by
10 minutes at 95°C to denature the complementary DNA
followed by 40 PCR cycles each of 95°C for 15 seconds and
60°C for 1 minute. Each sample was measured in duplicate.
Standard curves for both the gene of interest and the endog-
enous control were obtained. A standard curve was derived
from serial dilution of a pool of cDNA from the samples
analyzed. Subsequently, the cycle threshold values were
transformed using the standard curve into relative amounts.
Finally, the gene of interest was normalized with respect to
our endogenous control (18S).

Immunohistochemistry

Immunohistochemistry was performed on intestinal
frozen and paraffin-embedded sections using the primary
monoclonal antibodies JSB-1 against MDR1 (dilution 1/10;
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FIGURE 1. MDR1 expression throughout the human colon and in the ileum. Biopsies were taken from control patients (n = 10) and
analyzed for MDRT mRNA levels by real-time RT-PCR (A) and cell-specific MDR1 protein expression using immunohistochemistry in
ileum (B) and colon (C). MDR1 mRNA levels were equal throughout the colon and ~5-fold higher in the ileum (P < 0.05 compared to
ileum). Typical MDR1-specific staining (using the JSB1 antibody) was observed at the apical membrane of ileal and colon epithelial
cells. Epithelial staining was continuous in the ileum and “patchy” in the colon.

Monosan, Uden, The Netherlands) and KL1 against cytoker-
atin (dilution 1:50, Immunotech, Marseille, France).

Staining of frozen sections for MDR1 and KL1 was
performed according to the protocol described previously.?8
MDRI staining was performed on 5-um-thick paraffin-em-
bedded sections, which were deparaffinized in xylene fol-
lowed by rehydration. Endogenous peroxidase activity was
blocked using 0.3% H,0, in methanol for 20 minutes. Before
staining, antigen retrieval was performed in 10 mM citrate
buffer (pH 6.0). The sections were incubated at room tem-
perature with primary antibodies for 30 minutes. Subse-
quently, the slides stained for MDR1 were incubated for 30
minutes at room temperature with rabbit antimouse biotinyl-
ated IgG (dilution 1:400; Dako, Carpinteria, CA) and then
incubated with avidin biotin complex/horseradish peroxidase
(HRP). All incubation steps were followed by a wash in 3
changes of phosphate-buffered saline (PBS). The reaction prod-
uct was developed with the use of 3-amino-9-ethylcarbazol
(DAB). For negative controls the primary antibody was omitted.

To check the viability of the in vitro human intestinal
biopsies after culturing, we performed hematoxylin and eosin
staining. At 0 and 8 hours biopsies were imbedded in paraffin,
cut in 4-um-thick sections, and subsequently stained.

Western Blot
Total cell lysates of human biopsies or transfected
DLD-1 cells were separated by 10% sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) and ana-
lyzed by Western blotting. Protein concentrations were de-
termined using the Bio-Rad DC Protein Assay system (Bio-
Rad, Munich, Germany) using bovine serum albumin as
standard. The rabbit polyclonal antibody against human PXR
(dilution 1:750, Active Motif, Rixensart, Belgium) and
monoclonal antibodies anti-iINOS/NOS Type II (dilution
1:300, Becton Dickinson, Alphen a/d Rijn, The Netherlands),
C219 against P-glycoprotein (dilution 1:1000; Signet Labo-
ratories, Dedham, MA), and GAPDH were used (dilution
1:5000, Calbiochem, Darmstadt, Germany). HRP-labeled
swine antirabbit IgG and rabbit antimouse IgG were used as
secondary antibodies (dilutions 1:2500; Dako). Detection was
performed using Chemiluminescent Substrate Luminol/En-
hancer (Cell Signaling Technology, Beverly, MA). DLD-1
cells transfected with plasmid CDG1-hSXR (kindly provided
by B. Blumberg) served as positive control for human PXR
detection by Western blotting.?®

Statistics

Statistical analyses were performed using SPSS v. 12.0
for Windows (SPSS, Chicago, IL). Data obtained from the
different groups are expressed as mean values * standard
deviation (SD). Different groups were compared using
Mann—Whitney U tests and Kruskal-Wallis tests. A P value
of < 0.05 was considered statistically significant.
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FIGURE 2. MDR1 mRNA expression is decreased in inflamed intestinal tissue from IBD patients. Biopsies were taken from 1) unin-
flamed (normal) and inflamed tissue of CD (n = 20) and UC (n = 10) patients, and 2) normal tissue from control patients (n = 10) and
subsequently analyzed for mRNA and protein levels of MDR1 (A,C), the inflammation marker iNOS (B), and MRP1 (D) using real-time
RT-PCR and Western blotting. MDR1 mRNA levels in noninflamed tissue in CD were significantly increased in the colon and de-
creased in the ileum compared to control patients; in contrast, no significant difference was observed between noninflamed tissue
in UC and healthy controls (A). iNOS mRNA levels were significantly increased in inflamed intestinal biopsies from patients with CD
or UC (B). MDR1T mRNA and protein expression was significantly decreased in the inflamed tissue of patients with CD or UC (A,Q). In
contrast, the expression of MRP1 was significantly increased (D). C, control; N, normal; I, inflamed. *P < 0.05.

RESULTS

MDR1 Expression in the IE of Control Patients
Biopsies were taken from the terminal ileum, ascending

colon, transverse colon, and the rectum in control patients and

were processed for MDR1 mRNA quantification and immu-

nohistochemistry. MDR1 mRNA levels were constant
throughout the colon. MDR1 mRNA levels in the terminal
ileum were 5-fold higher than in the colon (Fig. 1A). Using
immunohistochemistry, a strong apical MDRI1 staining of
the IE surface was observed. Epithelial staining was con-
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tinuous in the ileum (Fig. 1B) and somewhat “patchy” in
the colon (Fig. 1C). No differences were observed in
MDRI1 staining throughout the colon. Besides IECs, scat-
tered mononuclear cells were stained positive for MDR1 in
the lamina propria, but mononuclear aggregates were neg-
ative for MDR1 (Fig. 1B). MDRI1 expression was equal
throughout the colon. Thus, effects of inflammation can be
compared in biopsies taken from different parts of the
colon.

Expression of MDR1 in Uninflamed IE of IBD
Patients

Several SNPs in MDRI1 have been suggested to be
linked to IBD. Such SNPs may give rise to decreased MDR1
mRNA and/or protein levels.30-34 Therefore, we analyzed the
MDRI1 mRNA expression in uninflamed tissue of our IBD
patient group and compared those to healthy controls. Figure
2A shows that in UC patients the MDR1 mRNA Ievel in the
uninflamed colon was not significantly different compared
with healthy controls, with a trend of being slightly increased.
The MDR1 mRNA levels in the uninflamed colon of CD
patients were also increased (+67%) and here a statistical
significant difference was observed. Remarkably, in the un-
inflamed ileum of CD patients a minor, but significantly
lower (64% of normal) MDR1 mRNA level was detected
(Fig. 2A). Immunohistochemistry for MDR1 showed an api-
cal staining indistinguishable from the one observed in the
controls (Fig. 3A, compare with Fig. 1C). These data show
that MDR1 levels in uninflamed IE may slightly differ from
that observed in healthy controls, but that the specific effect
within 1 patient group may be different for the ileal and the
colon epithelium.

Decreased MDR1 Expression in Inflamed IE of IBD
Patients

Next we determined the effect of inflammation on the
expression of MDRI1. Biopsies were taken from uninflamed
and inflamed tissue in IBD patients within a distance of a few
centimeters. Inducible NOS (iNOS) mRNA expression was
determined to confirm active inflammation in the biopsy.
iNOS mRNA levels in uninflamed tissue of IBD patients
were comparable to controls, but strongly increased (>10-
fold) in inflamed ileum and colon tissue of these patients (Fig.
2B). In contrast to iNOS, MDR1 mRNA and protein levels
were strongly decreased in inflamed tissue from CD as well

as from UC patients (Fig. 2A,C). The decreased MDRI1
mRNA level resulted in a complete disappearance of MDR1-
dependent immunohistochemical staining in inflamed IECs
(Fig. 3B). Importantly, staining for cytokeratin showed that
the epithelium was still intact (Fig. 3C,D). The absence of
epithelial MDR 1-staining was accompanied with a significant
increase in the number of MDR1-positive mononuclear cells
(Fig. 3B). This implies that the decrease in MDR1 mRNA in
the inflamed IECs is likely underestimated. We did not ob-
serve any difference in MDR1 mRNA levels between patients
with or without medication (Fig. S1). The decrease of MDR1
was not part of an overall downregulation of (ABC)-trans-
porters in inflamed intestinal tissue, since the expression of
the multidrug resistance-associated protein 1 (MRP1) was
increased in this patient group (Fig. 2D).

Decreased Intestinal MDR1 Expression in Inflamed
Mucosa is not Specific for IBD

To investigate whether the observed decrease of MDR1
protein was specific for inflamed tissue of IBD patients,
immunohistochemistry for MDR1 was performed on intesti-
nal biopsies from patients with collagenous colitis and on
resection material from patients with diverticulitis. Similar to
the results obtained for IBD patients, MDR1-staining was
absent in the inflamed intestinal tissue of patients with diver-
ticulitis or collagenous colitis (Fig. 3F,G). Again, uninflamed
IE stained positive for MDR1 (Fig. 3E).

Cytokine-dependent Expression of MDR1 in Human
Intestinal Biopsies and the Intestinal Cell Line DLD-1

In vitro experiments are required to study the molecular
mechanism(s) involved in downregulation of intestinal
MDRI. Others have shown that cytokines induce MDRI1
mRNA expression in Caco-2 cells.2® We obtained similar
results when analyzing cytokine-dependent regulation of
MDRI1 in the human colon carcinoma cell line DLD-1. None
of the individual cytokines tested was able to induce any
significant reduction of MDR1 mRNA levels (Fig. 4A). Con-
sequently, these cell lines cannot be used to delineate the
mechanism involved in intestinal MDR1 downregulation.
Therefore, we performed similar experiments with freshly
isolated biopsies from the transverse colon from control
patients. An 8-hour incubation of these biopsies in the
presence of a cytokine mixture consisting of TNF-«, IL-
1B, and INF-vy resulted in a significant reduction of the

FIGURE 3.

MDR1 protein levels are strongly decreased in inflamed intestinal epithelium. Biopsies were taken from uninflamed (A,E)

andinflamed (B-D,F,G) tissue from the colon of patients with UC (A-D), diverticulitis (E,F), or collagenous colitis (G) and processed for
immunohistochemistry using the MDR-1-specific antibody JSB-1 (A—C,E-G) or the cytokeratin specific antibody KL1 (D). A strong
apical MDR1-staining was observed of the epithelium of the noninflamed mucosa of UC patients (A), which was absent in the
inflamed tissue (B). Staining of serial sections of inflamed tissue for either MDR1 (C) or cytokeratin (D) shows that the intestinal
epitheliumis stillintact. Apical MDR1 staining is also observed in noninflamed tissue of patients with diverticulitis (E), which is absent
ininflamed tissue of the same patient (F). Apical MDRT1 is also undetectable in inflamed tissue of a patient with collagenous colitis (G).
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MDR1 mRNA level in combination with a 7-fold increase
of the iNOS mRNA level (Fig. 4C,D). Importantly, the
histological architecture remained intact during the 8 hours
in vitro incubation, without any significant signs of in-
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creased necrotic or apoptotic cells (Fig. 4E). These results
correlate well with the in vivo observations described
above. The individual cytokines all gave rise to reduced
MDRI1 expression without, however, reaching statistical
relevance. Clearly, the combination of the different cyto-
kines, which is a better reflection of the in vivo situation
during inflammation, resulted in the strongest, and statis-
tically significant, MDR1 mRNA decrease.

Downregulation of MDR1 is Independent of PXR
Protein Levels

Recently, intestinal downregulation of MDR1 mRNA
in patients with UC was suggested to be caused by decreased
PXR mRNA levels, a transcriptional regulator of the MDR1
gene.'? Therefore, we studied the expression of PXR in our
tissue samples. Similar to MDR1, we found that PXR mRNA
levels were significantly decreased in inflamed intestinal tis-
sue of both groups of IBD patients (Fig. 5A). However, PXR
protein levels did not follow the decrease in PXR mRNA
levels. The PXR protein level remained remarkably constant
even if the PXR mRNA level had dropped to ~4% in the
inflamed versus uninflamed tissue from 1 patient (Fig. 5B). In
addition, mRNA expression of the PXR-regulated gene cy-
tochrome P450 3A4 (CYP3A4) was not changed or increased
in 7 (out of 30) patients, while MDR1 was downregulated
(Fig. 6). Taken together, these results do not support the
involvement of PXR in downregulation of intestinal MDR1
during inflammation.

DISCUSSION
Reduced MDRI function is associated with increased
risk of gastrointestinal inflammatory disorders, as shown by
genetic linkage studies of patients with IBD and animal
experiments.>?-!1 No data were yet available about the effect
of inflammation per se in the intestinal epithelium of patients

FIGURE 4. Cytokine-induced decrease in MDR1T mRNA ex-
pression in human colon biopsies. DLD-1 (A,B) or human biop-
sies from the transverse colon of control patients (C,D) were
incubated for 8 hours with 10 ng/mL TNF-a, 10 ng/mLIL-183, 10
ng/mL INF-v, or a combination of these 3 cytokines (CM). MDR1
expression was increased in DLD-1 cells after incubation with
cytokine mix (A). INF-y administration resulted in the strongest
increase of both iINOS and MDR1 levels compared with the
other two cytokines (A,B). Treatment of human intestinal biop-
sies with CM resulted in a significant reduction of MDR1T mRNA
levels (C), while INOS mRNA expression was significantly in-
creased (D). Treatment of human biopsies with the individual cy-
tokines did not result in a significant change in MDR1T mRNA levels.
Data represent mean values of biopsies from 5 different patients.
The viability of the cultured intestinal biopsies was evaluated by
immunohistochemistry. Histological integrity of the biopsies
proved to be intact (E). *P < 0.05. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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FIGURE 5. Downregulation of MDR1 is independent of PXR
protein levels. Biopsies were taken from uninflamed (normal)
and inflamed tissue of CD (n = 20) and UC (n = 10) patients and
analyzed for PXR mRNA (A) and protein levels (B). A significant
decrease in PXR mRNA levels was observed in the inflamed tis-
sue compared to uninflamed tissue (A; P < 0.05). Western blot
detection of PXR in total protein extracts of biopsies from unin-
flamed and inflamed tissue revealed similar levels of PXR pro-
tein. Patient 1, UC (rectum); Patient 2, CD (ascending colon);
Patient 3, CD (ileum). Specificity of the antibody was shown
with PXR-transfected DLD-1 cells (B). Quantification of PXR
MRNA levels in biopsies taken from the same sites revealed
strongly reduced PXR mRNA levels in the inflamed tissue of
these patients (B, table). The inflammation marker iNOS was
strongly increased in the inflamed intestinal tissue of these pa-
tients, both at the mRNA level and the protein level (B).

with IBD. Here we show that MDR1 expression is strongly
compromised in the inflamed epithelium of these patients.
Cytokine-dependent reduction of MDRI1 transcription was
shown in in vitro experiments using intestinal biopsies from
control patients. Negative regulation of MDR1 was indepen-
dent of PXR protein levels.

MDRI is well known for its ability to export a great
variety of drugs out of (cancer) cells. In normal tissue it is
highly expressed in the intestine, underscoring its potential
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FIGURE 6. The PXR-target genes MDR1 and CYP3A4 are not
strictly coregulated in the noninflamed versus inflamed tissue
of patients with CD or UC. MDR1 and CYP3A4 mRNA levels were
quantified in biopsies from noninflamed and inflamed tissue of
CD (n = 20) and UC (n = 10) patients. In 7 of these patients,
CYP3A4 mRNA levels were unchanged or increased (A), while
MDR1 mRNA levels were decreased (B).

role in determining drug bioavailability and elimination of
naturally occurring toxins in food. Physiological substrates
for MDR1 have not yet been firmly established, but MDR1
has been proposed to play a role in migration of antigen-
presenting dendritic cells and may be able to transport cyto-
kines like IL-2 and IL-4.353¢ Clearly, changes in MDRI1
function and/or expression may have major implications for
proper functioning of the intestine.

Langmann et al'? recently showed that MDR1 expres-
sion was reduced in uninflamed sections of the colon of UC
patients, whereas no significant difference was observed in
the ileum of UC patients, nor in the colon or ileum of CD
patients. In contrast, we found no significant difference in the
uninflamed tissue of UC patients, with a trend of being
slightly increased. Remarkably, we found a slight but signif-
icant increase of MDR1 in uninflamed colon of CD patients,
concomitantly with a slight but significant decrease in the
uninflamed ileum of these patients. The observed increase in
MDRI1 levels in noninflamed tissue in the colon could be an
adaptive mechanism to compensate for the decreased expres-
sion in inflamed tissue. Similar observations have been re-
ported by Buyse et al*>> who found an increased Mdrl ex-
pression and activity in noninflamed ileal tissue in mice with
DSS-induced colitis. The most significant effect we observed
in our study was the very strong difference in MDRI1 expres-
sion in inflamed compared to noninflamed intestinal tissue
obtained from individual patients. MDRI1 expression was
strongly decreased in inflamed tissue of patients with CD,
UC, diverticulitis, or collagenous colitis. These data are in
line with Thl- and Th2-mediated experimental models of
colitis, in which a significant decrease of Mdrla expression
was also observed.3” Our data, however, seem to contradict
the observations made by Farrell et al.3® Using flow cytom-
etry, they found that IECs from uninflamed or inflamed
mucosa of UC patients contained similar MDR1 expression
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levels. At present, we cannot explain this apparent contradic-
tion, rather than that it may be related to the methods used.
Our analyses on biopsies were performed on immediately
fixed or snap-frozen material, thereby minimizing the effects
of in vitro incubations after obtaining the biopsies. It is
unknown whether the isolation procedure for IECs as per-
formed by Farrell et al may affect initial differences in MDR1
expression in uninflamed versus inflamed tissues.

No cytokine-dependent downregulation of MDR1 has
been established using intestine-derived cell lines, such as
Caco-2.'226 Also, the DLD-1 cell line used in this study
showed a strong increase in MDRI transcription upon incu-
bation with a cytokine-mixture consisting of TNF-«, IL-1p3,
and INF-y. However, we were able to establish a cytokine-
dependent downregulation of MDR1 using freshly isolated
intestinal biopsies from healthy controls. All individual cy-
tokines gave rise to a slight decrease in MDR1 expression
without reaching statistical significance. A significant 50%
reduction in MDR1 expression was observed when the 3
cytokines were used simultaneously. Clearly, the transcrip-
tional regulation of MDRI1 in colon carcinoma cell lines
differs from what is observed in intestinal cells in vivo. In
vitro incubation of freshly isolated intestinal biopsies pro-
vides a good experimental model to study this.

Transcriptional regulation of the MDRI1 gene is com-
plex. Many different transcription factors have been shown to
bind to the DNA in the MDRI1 promoter region and directly
control its transcription. The nuclear receptor PXR is 1 of
these transcription factors, which binds to a region 8 kb
upstream of the MDRI1 transcription start site and positively
regulates MDRI1 transcription.’® PXR is a ligand-activated
transcription factor and a key regulator of the xenobiotic
response system that coordinates the expression of genes
involved in metabolism and transport of toxic compounds.
SNPs in the NR112 gene encoding PXR have been identified
that affect PXR activity and thereby the expression of target
genes including MDR1, CYP3A4, and several UDP-glucu-
ronosyltransferase isoforms.**-42 More recently, SNPs in
PXR have been shown to be associated with the development
of IBD.*3 In addition, low PXR mRNA levels in patients with
UC have recently been linked to low MDR1 mRNA levels in
uninflamed IE of these patients.!?> Although we did not ob-
serve reduced levels of PXR in the healthy IE of IBD patients
versus controls, we did find that PXR mRNA levels were
significantly decreased in inflamed tissue when compared to
uninflamed tissue. Remarkably, however, PXR protein levels
were comparable in uninflamed and inflamed tissue from
individual patients, even if the PXR mRNA level was re-
duced 25-fold. This finding again shows that mRNA levels
may strongly diverge from the level of the corresponding
protein and, in our case, unlink the relationship between PXR
and MDR1 mRNA levels. Still, one needs to bear in mind that
PXR is a ligand-activated transcription factor and its activa-
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tion state in uninflamed and inflamed tissue has not been
studied to date. However, we also observed that another PXR
target gene, CYP3A4, may be upregulated in inflamed tissue
of IBD patients that simultaneously showed a downregulation of
MDRI. This further underscores our view that low MDRI1 levels
are not a result of changed PXR levels and/or activation.

What may be the physiological consequences of re-
duced MDRI function in the intestine? MDRI is primarily
known for its capacity to export drugs out of cells. In IECs it
directs its substrates to the gut lumen.> Obviously, reduced
levels may therefore increase the bioavailability of drugs used
to treat these patients, such as glucocorticoids and immuno-
suppressants.** However, due to the local inflammation of the
intestinal mucosa in most IBD patients, the influence on drug
availability is most probably limited. On the other hand, the
MDRI1-dependent protection against naturally occurring tox-
ins is compromised in the inflamed intestine. This is also
substantiated by the fact that intestinal bacteria are required to
initiate and/or aggravate the inflammation in the mdrl /"
knockout mouse.? MDRI has also been implicated in the
transport of cytokines3° and chemokines,*>#¢ as well as pro-
tecting IECs against apoptosis*’ and regulating dendritic cell
migration.3>4® Future research needs to resolve which of the
above function(s) of MDRI are aiding the diseased condi-
tions of IBD patients.
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