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Abstract
ATP binding cassette (ABC)-transporters like P-glycoprotein (multidrug resistance (MDR)1/ABCB1), the multidrug resistance

associated proteins 1 and 2 (MRP1/ABCC1 and MRP2/ABCC2), and the breast cancer resistance protein (BCRP/ABCG2) have a large

impact on the pharmacokinetics of numerous drugs and may also modulate the effectiveness of drug therapy. Prediction of a patient’s

susceptibility to xenobiotics and individualization of drug therapy would become possible, if a simple test were available for an easy

screening of transporter expression. This study quantified the mRNA expression of the four ABC-transporters and of the pregnane X

receptor (PXR), a key regulator in drug metabolism and efflux, in peripheral blood mononuclear cells (PBMCs), and corresponding liver

or small intestine samples of humans by real-time reverse transcription-polymerase chain reaction (RT-PCR). The results obtained prove

the absence of a correlation between the expression of four major ABC-transporters in PBMCs and in the intestine or liver. For all

transporters (except MRP1/ABCC1 in the intestine), mRNA amount of the ABC-transporters was positively correlated with PXR

expression in PBMCs and intestine. In conclusion, the study suggests that basal expression levels of the transporters are directly influenced

by PXR expression in liver and PBMCs and demonstrates that PBMCs do not qualify as surrogate tissue for the expression of the four

ABC-transporters in small intestine and liver. However, the transporter status in PBMCs remains important for drugs, whose primary site

of therapeutic action is the lymphocyte and which are known substrates of the transporters.
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1. Introduction

ATP binding cassette (ABC)-transporters represent a

large family of transmembrane proteins that bind ATP

and use the energy of ATP hydrolysis to transport various

compounds across cell membranes [1]. ABC drug transpor-

ters in the intestine, liver, and kidney have a large impact on

the pharmacokinetics of numerous drugs. In particular, they

may not only restrict absorption in the gut and thus reduce

bioavailability but also substantially determine drug elim-

ination into bile, urine, and even feces. Moreover, because

ABC-transporters actively restrict drug distribution to the
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site of action (e.g. at the blood–brain barrier), they may also

modulate the effectiveness of drug therapy.

Activity of ABC-transporters is highly variable and may

be altered within hours by inhibitors and within days by

inducing agents. Also, genetic influences [2] or endogen-

ous factors like sex-hormones [3] or cholesterol [4] might

influence transporter activity. Moreover, for multidrug

resistance (MDR)1/ABCB1 and multidrug resistance asso-

ciated protein (MRP)2/ABCC2, it is well known that the

orphan receptor pregnane X receptor (PXR), which is a

key regulator in drug metabolism and efflux, induces

MDR1/ABCB1 and MRP2/ABCC2 when activated by

PXR ligands like rifampin [5,6]. In contrast, for MRP1/

ABCC1, there are only few studies on this topic, which

are furthermore controversial [7,8], and for breast

cancer resistance protein (BCRP)/ABCG2, no data exist

so far.

Just because their activity is variable and also because

the individual extent of drug–drug interactions at this level

is almost unpredictable, a surrogate marker for the activity

of the most important drug transporting systems would be

very helpful.

Peripheral blood mononuclear cells (PBMCs) express

many of the ABC-transporters important for drug transport

which might restrict drug access to this important site of

action [1,9–12]. Moreover, PBMCs are readily available, a

prerequisite for a suitable surrogate marker. However,

PBMCs only qualify as surrogate, if their transporter

expression correlates with that of other tissues, especially

with the intestine, whose transporter equipment appears to

have the largest impact on the pharmacokinetics of numer-

ous drugs.

We therefore investigated in humans by means of RT-

PCR, whether the mRNA expression of MDR1/ABCB1,

MRP1/ABCC1, MRP2/ABCC2, and BCRP/ABCG2 in

PBMCs correlates with that in intestine and liver. For P-

glycoprotein (P-gp), we also studied the influence of the

G2677T and the C3435T polymorphism in the MDR1/

ABCB1 gene on the expression and we evaluated the

association between expression and function of P-gp as

measured by rhodamine123 efflux from PBMCs. Finally,

we quantified the mRNA expression of PXR in the differ-

ent tissues and examined a possible correlation between

PXR and transporter expression.
2. Materials and methods

2.1. Materials

Medium (RPMI), medium supplements, PBS, and

Hanks balanced salt solution (HBSS) were purchased from

Invitrogen (Karlsruhe, Germany), fetal calf serum (FCS)

from Biochrom AG (Berlin, Germany), and rhodamine123

from Calbiochem (Bad Soden, Germany). Vacutai-

ner1CPTTM were purchased from Becton Dickinson (Hei-
delberg, Germany). K/EDTA monovettes1 were from

Sarstedt (Nümbrecht, Germany). DMSO was from Appli-

Chem (Darmstadt, Germany). Ficoll-PaqueTMPlus was

purchased from Amersham Biosciences (Freiburg, Ger-

many). High Pure RNA Isolation Kit, First Strand cDNA

Synthesis Kit for PCR (AMV), RNA/DNA Stabilization

Reagent for Blood/Bone Marrow, LightCycler-FastStart

DNA Master SYBR Green I Kit, LightCycler-FastStart

DNA MasterPLUS SYBR Greeen I Kit, and LightCycler-

FastStart DNA Master Hybridization Probes Kit were

purchased from Roche Applied Science (Mannheim, Ger-

many). The RNeasy Mini Kit was obtained from Qiagen

(Hilden, Germany) and the NucleoSpin1 Blood Quick

Pure Kit from Macherey-Nagel (Düren, Germany). Zosu-

quidar (LY335979) was obtained from Eli Lilly Company

(Bad Homburg, Germany).

2.2. Tissue and blood samples

The study was approved by the Ethics Committee of

the Medical Faculty of the University of Heidelberg and

was conducted in accordance with all local legal require-

ments, the Declaration of Helsinki as amended in Som-

erset West 1996. All participants provided written

informed consent before inclusion in the study. Hepatic

samples were obtained from nine patients with hepato-

cellular or bile duct carcinoma (n = 2) or hepatic metas-

tases from gastrointestinal tumors (n = 7). Intestinal

samples were resected from the duodenum (n = 8) or

ileum (n = 14) from patients with malignant gastrointest-

inal tumors (n = 8), pancreatic carcinoma (n = 6), pre-

canceroses (n = 5), or inflammatory or infectious diseases

of abdominal organs (n = 3). In all of these and 13

additional similar patients with gastrointestinal tumors,

tumors of the pancreas or bile duct, or with echinococ-

cosis PBMC samples were obtained.

Altogether, 44 patients (18 females, mean age � standard

deviation (S.D.): 48 � 19 years; 26 males, mean age:

58 � 13 years) were included. None of the patients received

chemotherapy in the last 4 weeks before surgery or drugs

with known inducing effects on ABC-transporters.

Only pieces of macroscopically healthy tissue were used

for the investigations. Tissue samples were frozen in liquid

nitrogen immediately after removal and stored at �80 8C
until preparation of RNA. Blood samples for isolation of

PBMCs were taken in Vacutainer1CPTTM and for isola-

tion of RNA in K/EDTA monovettes1.

2.3. Isolation and cryoconservation of PBMCs

For isolation of PBMCs Vacutainer1CPTTM was cen-

trifuged (1700 � g, 20 min at room temperature). After

centrifugation, PBMCs were separated from erythrocytes

and granulocytes by the polyester gel in the Vacutai-

ner1CPTTM and were resuspended into the plasma by

inverting the tube. PBMCs were then washed twice with
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PBS at room temperature and cryoconservated in 90% FCS

and 10% DMSO in liquid nitrogen.

Control PBMCs were isolated from one healthy volun-

teer by density centrifugation with Ficoll-PaqueTMPlus and

cryoconservated in 90% FCS and 10% DMSO.

2.4. Rhodamine123 efflux

For rhodamine123 efflux, PBMCs were quickly thawed,

washed, and resuspended in RPMI medium. For adapta-

tion, cells were incubated in RPMI medium for 60 min at

37 8C. The PBMCs were then incubated with rhoda-

mine123 at a concentration of 0.4 mM on a rotary shaker

(30 min, 37 8C, 450 rpm). Subsequently, cells were washed

with precooled RPMI medium (4 8C) and incubated

another 50 min at 37 8C in rhodamine123 free medium

(with or without P-gp inhibitor) to allow rhodamine123

efflux. After washing the cells with precooled RPMI

(4 8C), they were stained with phycoerythrin (PE)-labeled

CD8 antibody (15 min on ice in darkness). As a control, all

assays were also performed in control PBMCs to account

for inter-day variability.

For analysis, a Becton Dickinson FACS Calibur with a

488 nm argon laser was used. Rhodamine123 fluorescence

was measured using a 530 bandpass filter and PE fluores-

cence with a 585 bandpass filter. In each sample, 1500

CD8+ cells or about 5000 lymphocytes were counted.

Median rhodamine123 fluorescence was determined in

CD8+ cells or gated lymphocytes after the efflux period and

compared to median rhodamine123 fluorescence of CD8+

cells or gated lymphocytes from the same individual which

were treated with the specific P-gp inhibitor LY335979

during the efflux period. The individual P-gp activity was

then calculated as ratio of the median fluorescence of the

cells incubated with or without LY335979 and normalized

to the ratio of control CD8+ cells or lymphocytes, which

were treated identically.

The validation of the rhodamine123 efflux for measuring

P-gp activity in PBMCs and the rationale for using CD8+

cells have been reported previously [4,13].

2.5. MDR1/ABCB1 genotyping

To exclude possible influences of the G2677T and the

C3435T polymorphisms in the MDR1/ABCB1 gene on the

expression or function of P-gp, the corresponding geno-
Table 1

Primers used for real-time RT-PCR

Gene Forward primer 50–30 Reverse p

MDR1/ABCB1 CCCATCATTGCAATAGCAGG TGTTCA

MRP1/ABCC1 ATGTCACGTGGAATACCAGC GAAGAC

MRP2/ABCC2 ACAGAGGCTGGTGGCAACC ACCATT

BCRP/ABCG2 AGATGGGTTTCCAAGCGTTCAT CCAGTC

PXR (tissue) CAAGCGGAAGAAAAGTGAACG CACAGA

PXR (PBMCs) GACTTGCCCATCGAGG AGAGTA

b2mg CCAGCAGAGAATGGAAAGTC CATGTC
types were determined for all participants. DNA was

isolated from whole blood using the NucleoSpin1 Blood

Quick Pure Kit (Macherey-Nagel) according to the man-

ufacturer’s instructions. The C3435T polymorphisms in

exon 26 of the MDR1/ABCB1 gene was detected by rapid-

cycle polymerase chain reaction (PCR) and fluorescent

melting point analysis using fluorogenic hybridization

probes on the LightCyclerTM (Roche Applied Sciences)

[14]. The G2677T polymorphism in exon 21 of the MDR1/

ABCB1 gene was genotyped by PCR-restriction fragment

length polymorphism (RFLP) according to Cascorbi et al.

[15].

2.6. Isolation of RNA and cDNA synthesis

RNA/DNA Stabilization Reagent for Blood/Bone Mar-

row (Roche Applied Science) was added to the blood

samples immediately after withdrawal to prevent RNA

from degradation. RNA was isolated from whole blood

using the High Pure RNA Isolation Kit (Roche Applied

Science) and from tissues using the RNeasy Mini Kit

(Qiagen). Quality and purity of RNA were verified by

gel electrophoresis, concentration was measured spectro-

photometrically, and isolated RNA was stored at �80 8C
until analysis. cDNA was synthesized with the First Strand

cDNA Synthesis Kit for PCR (AMV) (Roche Applied

Science).

2.7. Quantification of mRNA expression by real-time

reverse transcription (RT)-PCR

Expressions of mRNAs of the MDR1/ABCB1, MRP1/

ABCC1, MRP2/ABCC2, BCRP/ABCG2, and of the PXR

gene were quantified by real-time RT-PCR with the Light-

CyclerTM technology using b2-microglobulin (b2mg) as

housekeeping gene. All primer pairs were synthesized by

MWG Biotech (Ebersberg, Germany) and were designed

to span intron/exon junctions or to yield larger products

with DNA. Therefore, possibly contaminating genomic

DNA was either not amplified or could be detected by

additional peaks during melting point analysis. Primer

sequences and references are specified in Table 1.

PCR amplification was carried out in 20 ml reaction

volume containing 5 ml 1:10 diluted cDNA, 1� Light-

Cycler-FastStart DNA Master SYBR Green I (LightCy-

cler-FastStart DNA MasterPLUS SYBR Green I for
rimer 50–30 Product (bp) Design

AACTTCTGCTCCTGA 158 This paper

TGAACTCCCTTCCT 348 [35]

ACCTTGTCACTGTCCATGA 226 [36]

CCAGTACGACTGTGACA 91 [37]

TCTTTCCGGACCTG 246 [16]

ATGGCGAATTGC 323 This paper

TCGATCCCACTTAAC 258 [24]
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amplification of PXR) (Roche Applied Science), 0.5 mM

of each primer, and between 3 and 4 mM MgCl2.

Standard curves were prepared for each target and

reference gene. Data were evaluated by calibrator-normal-

ized relative quantification with efficiency correction using

the RelQuant Software Version 1.01 (Roche Applied

Science). The software calculates the relative amount of

the target gene and the reference gene (housekeeping gene)

based on the crossing point (Cp). Results are expressed as

the target/reference ratio divided by the target/reference

ratio of the calibrator and are therefore corrected for

sample inhomogenities and detection-caused variance.

The normalized ratio was calculated according to the

following equation:

ðmedianðtargetsampleÞ=medianðreferencesampleÞÞ=
ðmedianðtargetcalibratorÞ=medianðreferencecalibratorÞÞ

All samples were amplified at least in triplicate on different

days.

2.8. Validation of the real-time RT-PCR methods

To further validate the suitability of the newly designed

primers (for MDR1/ABCB1 and PXR), the PCR product

(20 ng) was sequenced using the dideoxy chain termination

method (DYEnamic ET Kit, Amersham Biosciences) on a

MegaBACE500 sequencer (Amersham Biosciences).
Fig. 1. Real-time RT-PCR for quantification of MDR1/ABCB1 (A and B) and b2m

analysis (insert) of serial dilutions of calibrator cDNA. Standard curves (B and D

calibrator cDNA.
2.9. Statistical analysis

Data were analyzed using GraphPad Prism1 Version 4.0

(GraphPad Software, San Diego, CA, USA). For compar-

ison of the mRNA expression between individuals with

different genotypes, the Kruskal–Wallis test was used.

Associations were assessed by Spearman rank correlation

and expressed by the corresponding correlation coefficient

rS. A p-value < 0.05 was considered significant.
3. Results

3.1. Quantification of mRNA expression by real-time

RT-PCR

For the mRNA expression of the target genes (MDR1/

ABCB1, MRP1/ABCC1, MRP2/ABCC2, BCRP/ABCG2,

and PXR) and the housekeeping gene b2mg, a reliable

and reproducible relative quantification method based on

LightCyclerTM technology was established and validated.

The amplification curves, melting point analysis, and

standard curves are exemplified for MDR1/ABCB1 and

b2mg in Fig. 1. The specificity of the PCR products was

verified by agarose gel electrophoresis and for the newly

designed primers also by sequencing of the PCR products.

All PCR products were of correct size and the sequences
g mRNA (C and D) with amplification curves (A and C) and melting point

) were generated by plotting the Cp value vs. the log of the dilution of the
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Table 2

Inter-individual differences in mRNA expression calculated as ratio between target gene/b2mg

All patients (n = 44) Patients with small intestine samples (n = 22) Patients with liver samples (n = 9)

PBMCs PBMCs Small intestine PBMCs Liver

Mean � S.D. Ratio Mean � S.D. Ratio Mean � S.D. Ratio Mean � S.D. Ratio Mean � S.D. Ratio

MDR1/ABCB1 0.004 � 0.004 66 0.003 � 0.002 28 0.03 � 0.02 74 0.004 � 0.003 44 0.02 � 0.01 4

MRP1/ABCC1 0.09 � 0.05 13 0.07 � 0.04 9 0.02 � 0.04 76 0.1 � 0.06 10 0.007 � 0.005 6

MRP2/ABCC2 0.0006 � 0.0003 8 0.0005 � 0.0002 5 0.01 � 0.02 947 0.0005 � 0.0004 9 0.05 � 0.02 4

BCRP/ABCG2 0.06 � 0.06 65 0.06 � 0.07 65 0.9 � 0.5 94 0.03 � 0.02 8 0.3 � 0.1 4

PXR 0.7 � 0.6 45 0.7 � 0.7 34 0.6 � 0.4 66 0.7 � 0.6 28 1.4 � 0.4 4

Ratio: maximum/minimum expression found in the respective tissue; n: sample size; S.D.: standard deviation.

Table 4

Correlation analysis of mRNA expression

Correlation between rS p

MDR1/ABCB1 in small intestine and PBMCs �0.01 0.98

MDR1/ABCB1 in liver and PBMCs 0.13 0.74

MRP1/ABCC1 in small intestine and PBMCs 0.10 0.66

MRP1/ABCC1 in liver and PBMCs �0.12 0.78

MRP2/ABCC2 in small intestine and PBMCs �0.56 0.005
MRP2/ABCC2 in liver and PBMCs 0.18 0.64

BCRP/ABCG2 in small intestine and PBMCs �0.40 0.06

BCRP/ABCG2 in liver and PBMCs 0.47 0.21

MDR1/ABCB1 and PXR in PBMCs 0.96 <0.0001
determined matched the sequences published in the

NCBI GenBank, confirming the specificity of the PCR

assays.

Quantification of PXR in tissue and PBMCs required

two different PCR reactions because the primer pair pub-

lished by Chang et al. [16] did not allow reliable quanti-

fication of PXR in PBMC samples with very low PXR

expression. We therefore established and validated an

alternative method suitable for PXR quantification in

PBMCs. Association analysis of the 29 samples, which

could be quantified with both primer pairs, demonstrated a

highly significant correlation (rS = 0.69; p < 0.0001)

between both methods.

Inter-individual differences in mRNA expression of the

ABC-transporters and PXR were most prominent in the

intestine followed by PBMCs and expression was rather

stable in the liver samples (Table 2). Comparison of the

expression in the respective intestinal segments revealed

greater inter-individual differences in the duodenum com-

pared to the ileum (Table 3), whereas the mean expression

was similar except for MRP2/ABCC2, whose expression

was about five times lower in the ileum compared to the

duodenum ( p < 0.05, Mann–Whitney test). Evaluation of

ABC-transporter expression in PBMCs revealed the fol-

lowing order of expression: MRP1/ABCC1 > BCRP/

ABCG2 > MDR1/ABCB1 > MRP2/ABCC2. In contrast,

in the liver, the most abundant ABC-transporter was

BCRP/ABCG2 followed by MRP2/ABCC2, MDR1/

ABCB1, and MRP1/ABCC1. In the intestine, BCRP/

ABCG2 was also highly expressed followed by the other

ABC-transporters, which were expressed to similar

amounts.
Table 3

Inter-individual differences in mRNA expression calculated as ratio

between target gene/b2mg

Duodenum (n = 8) Ileum (n = 14)

Mean � S.D. Ratio Mean � S.D. Ratio

MDR1/ABCB1 0.02 � 0.01 42 0.03 � 0.02 10

MRP1/ABCC1 0.009 � 0.005 8 0.03 � 0.04 47

MRP2/ABCC2 0.02 � 0.03 947 0.005 � 0.007 157

BCRP/ABCG2 0.8 � 0.5 90 0.9 � 0.5 11

PXR 0.6 � 0.4 49 0.6 � 0.4 16
Due to potentially variable expression levels of b2mg in

different tissues, comparison of ABC-transporter expres-

sion in different tissues can only be semiquantitative.

However, the obtained data suggest that MRP2/ABCC2

expression in PBMCs is about 50 times and MDR1/ABCB1

and BCRP/ABCG2 are about 10 times smaller than in small

intestine and liver. In contrast, expression of MRP1/

ABCC1 was highest in PBMCs.

3.2. Correlation of mRNA expression of ABC-

transporters in PBMCs and tissues

Analysis with Spearman rank correlation revealed no

relationship between mRNA expression in PBMCs and

liver or PBMCs and intestine for all ABC-transporters

except MRP2/ABCC2, for which mRNA expression in

PBMCs and intestine was significantly correlated

(Table 4 and Fig. 2).
MDR1/ABCB1 and PXR in small intestine 0.66 0.0008
MDR1/ABCB1 and PXR in liver 0.03 0.95

MRP1/ABCC1 and PXR in PBMCs 0.79 <0.0001
MRP1/ABCC1 and PXR in small intestine �0.17 0.45

MRP1/ABCC1 and PXR in liver �0.58 0.11

MRP2/ABCC2 and PXR in PBMCs 0.58 <0.0001
MRP2/ABCC2 and PXR in small intestine 0.61 0.003
MRP2/ABCC2 and PXR in liver 0.25 0.52

BCRP/ABCG2 and PXR in PBMCs 0.39 0.009
BCRP/ABCG2 and PXR in small intestine 0.61 0.002
BCRP/ABCG2 and PXR in liver 0.45 0.23

rS: Spearman rank correlation coefficient; significant correlations are high-

lighted in bold.
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Fig. 2. Significant correlation between MRP2/ABCC2 expression in

PBMCs and small intestine (n = 22) expressed as ratio MRP2/b2mg and

PXR/b2mg.

Fig. 4. Significant correlation between PXR and MRP2/ABCC2 mRNA in
3.3. Effect of MDR1 polymorphisms on MDR1

expression and P-gp function

Genotype distribution in the 44 patients was 32% GG,

45% GT, and 23% TT for the G2677T polymorphism and

23% CC, 45% CT, and 14% TT for the C3435T poly-

morphism. For none of the tested tissues, a significant

association between the G2677T or the C3435T poly-

morphism in the MDR1/ABCB1 gene and the mRNA
Fig. 3. Significant correlation between PXR and MDR1/ABCB1 mRNA in

PBMCs (A; n = 44) and small intestine (B; n = 22) expressed as ratio

MDR1/b2mg and PXR/b2mg.

PBMCs (A; n = 44) and small intestine (B; n = 22) expressed as ratio MRP2/

b2mg and PXR/b2mg.
expression was present. Neither was there an influence

of the polymorphisms on P-gp function in PBMCs.

3.4. Correlation between mRNA expression of PXR

and ABC-transporters

Analysis of PXR expression revealed several significant

correlations between the amount of PXR and ABC-trans-

porter mRNA. Figs. 3–5 show the significant relationships

between MDR1/ABCB1, MRP2/ABCC2, and BCRP/

ABCG2 and PXR expression in PBMCs (Figs. 3A, 4A,

and 5A) and small intestine (Figs. 3B, 4B, and 5B). In

contrast, MRP1/ABCC1 mRNA was only in PBMCs cor-

related with PXR (Fig. 6). In liver samples, PXR expression

was not correlated with any of the transporters.

3.5. Correlation between mRNA expression of MDR1/

ABCB1 and P-gp function

The function in the total fraction of all lymphocytes and

the subpopulation of CD8+ was significantly correlated

(Fig. 7) demonstrating that both populations are suitable

for investigation of P-gp activity. In contrast to the mRNA

expression of P-gp, its function in PBMCs only varied by

factor 6 and mRNA expression in PBMCs was not corre-

lated with P-gp function in lymphocytes (Fig. 8).
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Fig. 5. Significant correlation between PXR and BCRP/ABCG2 mRNA in

PBMCs (A; n = 44) and small intestine (B; n = 22) expressed as ratio BCRP/

b2mg and PXR/b2mg.

Fig. 7. P-gp function in lymphocytes and CD8+ cells measured by rhoda-

mine123 efflux (flow cytometry) calculated as ratio activity of the sample/

activity of the control (n = 34; rS = 0.64; p < 0.0001).
4. Discussion

The ABC-transporters MDR1/ABCB1, MRP1/ABCC1,

MRP2/ABCC2, and BCRP/ABCG2 may substantially

impact the pharmacokinetic properties of many drugs

and endogenous substrates, may confer the development

of drug resistance, and may be a critical site of drug–drug

interactions. Indeed, their activity is highly variable and

changes in the in vivo activity of ABC-transporters have
Fig. 6. Significant correlation between PXR and MRP1/ABCC1 mRNA in

PBMCs (n = 44) expressed as ratio MRP1/b2mg and PXR/b2mg.
not altered drug elimination alone but also substantially

modified drug distribution [17]. Hence, optimum doses of

ABC-transporter substrates may vary greatly between

patients and dose adjustment may be required even within

a patient to maintain effectiveness and avoid toxicity.

Prediction of a patient’s susceptibility to xenobiotics and

individualization of drug therapy would become possible,

if a simple test were available for an easy and rapid

screening of transporter expression and/or activity. In this

regard, PBMCs fulfill two important criteria: they are

easily obtainable and they express these four transporters.

Hence, for drugs that act in lymphocytes (e.g. antiretroviral

drugs), quantification of transporter expression in PBMCs

may provide supportive information for drug dosing as has

been shown for P-gp and MRP1 [12,18]. However, for

other, more distant sites of drug action, PBMCs are only

suitable as surrogate markers if ABC-transporter expres-

sion closely reflects the expression in the tissues with

relevance to drug dosing.

Our objective was therefore to establish robust methods

to quantify ABC-transporter expression in PMBCs and to

assess its relationship to that in gut and liver, two organs
Fig. 8. Lack of relationship between mRNA expression of MDR1/ABCB1

in PBMCs and P-gp function in lymphocytes measured by flow cytometry

(n = 34; rS = 0.23; p = 0.20).
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being crucial for drug absorption and excretion. For quan-

tification of mRNA expression of the four ABC-transpor-

ters and of PXR, we have established reliable and

reproducible real-time RT-PCR methods. For exact quan-

tification, it is crucial to use an appropriate reference gene,

which is expressed constantly and independently of

the experimental conditions. Recently, for many ‘‘conven-

tional’’ reference genes, the suitability has been chal-

lenged, because their transcription is significantly

regulated and their expression thus not independent of

the experimental setting. This particularly applies for

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

and b-actin [19–22] which are the most often used house-

keeping genes. Using a reference gene whose transcription

is not constant will produce incorrect or ambiguous results.

We therefore selected b2mg, which is stably expressed

under various conditions [22,23] and has already been

successfully used for quantification of MDR1/ABCB1

mRNA [24,25].

Our data prove the absence of a correlation between the

expression of four major ABC-transporters in PBMCs and

in the intestine or liver except for MRP2/ABCC2, whose

mRNA expression in PBMCs was correlated with that in

the small intestine (Table 4 and Fig. 2). However, this

correlation is presumably of little relevance, because the

slope of the regression line is very flat and variability is

large suggesting that this correlation will only explain a

small part of MRP2/ABCC2 expression in small intestine.

Altogether, the data obtained demonstrate that expression

in PBMCs is not a useful surrogate marker for the expres-

sion of MDR1/ABCB1, MRP1/ABCC1, BCRP/ABCG2,

and most likely neither for MRP2/ABCC2.

In contrast to the three other ABC-transporters, P-gp has

been investigated earlier and indeed our results related to

P-gp are in accordance with several studies, which demon-

strated a discordance between P-gp expression and/or

activity in the intestine and PBMCs [25–27]. Also, when

the relationship between intestinal and hepatic expression

of P-gp was studied, no correlation was found [28]. Hence,

current evidence suggests that the expression of ABC-

transporters in different tissues is not co-ordinately regu-

lated or that direct influences of xenobiotics and food

constituents, to which every tissue is differently exposed,

provoke differences in ABC-transporter expression mak-

ing it impossible to use one tissue as a surrogate for

another.

However, while of no value as a surrogate marker for

two key organs in the absorption and elimination of

xenobiotics, the transporter status in PBMCs remains

important for drugs like antiretroviral or chemotherapeutic

agents, whose primary site of therapeutic action is the

lymphocyte and which are known substrates of P-gp,

MRP1, MRP2, and/or BCRP. Hence, in human immuno-

deficiency virus (HIV) or lymphoma therapy, quantitative

information on the expression of these transporters might

open new strategies to adapt dosage or switch to a com-
pound, which is not substrate of transporters with high

expression levels in a given patient. For P-gp and MRP1, it

has already been demonstrated that expression influences

intracellular accumulation of HIV protease inhibitors and

thus possibly therapeutic effectiveness [12,18].

We also addressed the regulation of the four ABC-

transporters by analyzing the relationship between PXR

expression and mRNA amount of the ABC-transporters.

Interestingly, for all transporters (except MRP1/ABCC1 in

the intestine), we found a positive correlation with PXR

expression in PBMCs and intestine. These findings confirm

recent results on P-gp expression in PBMCs [29] and

extend this correlation to the intestine and MRP1/ABCC1,

MRP2/ABCC2, and BCRP/ABCG2.

In contrast, in hepatic tissue, no relation with PXR

expression was found confirming the data on P-gp obtained

in a larger cohort of 94 liver samples [30] and extending

knowledge to 3 further transport systems with moderate to

high hepatic expression. In our study, we were unable to

dissect the underlying reasons for this discrepancy to

PBMCs and intestine.

While data on the involvement of PXR in the induction

process of MRP1/ABCC1 are controversial [7,8], it is well

known that PXR induces MDR1/ABCB1 and MRP2/

ABCC2 by binding to responsive elements in the gene

when activated by PXR ligands like rifampin [5,6,31]. Our

data suggest that PXR in PBMCs and in the intestine may

not only be involved in the induction of ABC-transporters

by exogenous ligands, but also in xenobiotic-independent

regulation of basal expression as Wolbold et al. have

hypothesized for the expression of other PXR-inducible

proteins like cytochrome P450 3A4 (CYP3A4) [30]. While

we cannot exclude that these correlations are caused by a

co-ordinated regulation of the expression of ABC-trans-

porters and PXR by other factors, these data may also

suggest that inter-individual differences in ABC-transpor-

ter expression are influenced by the individual abundance

of PXR.

Thus far, no information on the possible influence of

PXR on the transcriptional regulation of BCRP/ABCG2

has been published. The correlation found in this study

suggests that PXR also participates in the regulation of

mRNA transcription of this transporter. Induction and/or

luciferase reporter assays with PXR ligands may help to

elucidate the role of PXR in the regulation of the expres-

sion of MRP1/ABCC1 and BCRP/ABCG2 and to assess the

causality of the observed relationship.

The influence of the G2677T and the C3435T poly-

morphism on P-gp expression and function is still con-

troversial. Our data support the hypothesis that these two

polymorphisms do not influence mRNA expression and

function of P-gp [24,25], because no association between

the polymorphisms and P-gp expression or function was

present. Also, no relationship was found between MDR1/

ABCB1 mRNA expression and P-gp function in PBMCs.

The reason for this discrepancy is unknown, but it confirms
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earlier results demonstrating significant dissociation

between P-gp expression level and activity [32–34]. Future

studies will have to evaluate whether P-gp activity or

expression correlates with intracellular drug disposition

and which parameter will more closely predict drug con-

centrations at the site of action and ultimately effectiveness

of a drug. For measuring P-gp activity, the whole fraction

of lymphocytes as well as the subpopulation of CD8+ cells

appears suitable, because the function in both fractions was

closely correlated confirming previously obtained results

[13].

In conclusion, our data demonstrate that quantification

of ABC-transporter mRNA in PBMCs is not a suitable

surrogate for expression in small intestine and liver. Simi-

larly, P-gp function in lymphocytes does not reflect the P-

gp status in intestine or liver precluding the possibility to

monitor hepatic or intestinal P-gp activity using blood

samples as an easily obtainable source. However, the large

variability of P-gp function in PBMCs suggests that P-gp

substrates will access this sanctuary site only to a highly

variable extent. Functional testing may therefore be a

promising way to optimize therapy with drugs primarily

acting in lymphocytes. Similarly, the even larger variability

of BCRP expression in PBMCs and the high expression

level of this transporter and of MRP1 in this compartment

may make a functional evaluation even more important for

substrates of BCRP and MRP1.
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