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Chapter 1

General introduction
Chronic obstructive pulmonary disease (COPD) is characterized by extensive
airway obstruction and chronic inﬂammation. Cigarette smoking is the most
important risk factor for COPD. More than 90% of all COPD patients are
smokers or ex-smokers, but only 15 to 20% of all smokers develop COPD
[1]. Smoking is known to generate oxidative stress in the lung and this has
led to the hypothesis that an imbalance between oxidants and anti-oxidants
underlies the development of COPD [2]. Several mutations in the alpha-1antitrypsin gene, which encodes an anti-proteinase protein, have been shown
to contribute to COPD development. This suggests that an imbalance of
proteinases and anti-proteinases plays a role in the pathogenesis of COPD as
well. However, it was found that only a minority (1% to 3%) of COPD patients
has mutations in this gene [3], thus other genetic or environmental factors
were expected to play a role.
Little is known about detoxiﬁcation mechanisms in the lung upon
inhalation of cigarette smoke. Glutathione (GSH) is an important antioxidant present in every cell of the human body with very high levels in the
lung. GSH levels are increased in epithelial lining ﬂuid of lungs of chronic
smokers whereas these levels are depleted during active smoking [4]. In
addition, it has been shown that GSH levels are increased in lungs of COPD
patients (current smokers). This is thought to be an attempt to resist the
oxidative stress inducing effects of cigarette smoke rather than reﬂecting
disease severity. The GSH levels may have been directly inﬂuenced by recent
smoking.
Protein members of the ATP-binding cassette (ABC) superfamily
of transporters are able to reduce oxidative stress. These transmembrane
proteins can transport a wide variety of compounds across biological
membranes in an ATP-dependent manner. In 1983, overexpression of the
ABC transporter P-glycoprotein (P-gp) in tumor cells was discovered to cause
resistance to several chemotherapeutic drugs with unrelated structures,
resulting in so-called multidrug resistance (MDR) [5]. This was followed by
the discovery of multidrug resistance-associated protein 1 (MRP1) in 1992 in
a small cell lung cancer cell line [6, 7]. Many cytostatic agents are substrates
for MDR proteins and as a consequence, overexpression of these transporters
can contribute to failure of chemotherapy. At present, there are 48 human
ABC transporters known, divided in seven subfamilies denoted as ABCA to
ABCG [8, 9]. MRPs (MRP1 to MRP9) are members of the ABCC subfamily of
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ABC transporters. Besides MRP1, also MRP2, 3, 4, 5, 7, and 8 have been to
described to confer MDR [10-15]. MRP1 is a membrane transport protein that
is highly expressed in the human lung, especially in the bronchial epithelium
[16-18]. However, its function in the lung is as yet unknown.
Substrates for MRP1 (and the other MRPs) are GSH-, glucuronide, and sulfate-conjugates, oxidized GSH (GSSG), or GSH together with
unconjugated substrates [10, 19, 20]. Cellular GSH levels highly depend
on MRP1 functional activity and thus, MRP1 plays a central role in the
protection against oxidative stress (Figure 1).

Figure 1. Detoxiﬁcation pathways in which MRP1 and GSH play a central role.
GSH, glutathione; GSSG, oxidized glutathione; GS-X, GS-conjugate; ATP, adenosine triphosphate;
ADP, adenosine diphosphate; Pi, phosphate.
Figure adapted from: Leslie et al., Toxicology 2001:167:3-23.
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Aim and outline of the thesis
The notions that MRP1 is protective against oxidative stress and is highly
expressed in the human lung has led to the hypothesis that MRP1 might
be important to protect against inhaled toxic substances such as present in
cigarette smoke. In this thesis we postulate that MRP1 expression or activity
is less functional in lungs of individuals who are prone to develop COPD.
Insight in functional mechanisms of MRP1, potentially involved in protection
against cigarette smoke-induced toxicity, may open new possibilities for
better treatment of pulmonary diseases such as COPD. In this thesis we
investigated whether MRP1 levels in bronchi and lung tissue are related to
COPD development. Preclinical studies as well as studies in patient samples
were performed.
In chapter two, a literature review of ABC-transporters in normal
and pathological lung is given. This review is focused on polymorphisms,
knockout mice models and in vitro results of pulmonary research.
To investigate the possibility that MRP1 or other MDR proteins are
differentially expressed in lungs of COPD patients, we describe in chapter
three the analysis of MRP1, P-gp and lung resistance-related protein (LRP)
expression levels in bronchial biopsies and lung tissue of COPD patients
and healthy controls by means of immunohistochemistry. To investigate
whether these proteins are affected by cigarette smoke exposure and whether
expression is related to the rate of lung function decline, the correlation
between their expression levels with smoking history (packyears) and lung
function parameters was analyzed.
In chapter four, we analyzed MRP1 activity and transcription levels
in primary epithelial cells. These cells were obtained from lung brushes of the
native (“COPD”) and donor (“healthy”) parts of lungs of emphysema patients
after lung transplantation.
In chapter ﬁve, the in vivo role of MRP1 and P-gp was studied in
smoke-induced lung pathology and inﬂammation. This chapter describes
the results of cigarette smoke exposure in triple knockout mice that lack
the genes for Mrp1 and the two murine genes for P-gp (Mdr1a and Mdr1b).
These mice were chosen because it is known that the transporters MRP1
and P-gp are highly expressed in the lung. It was analyzed whether these
knockout mice were more at risk than wildtype mice to develop emphysema
after six months smoke exposure. In addition, differences in pulmonary
inﬂammation were determined between the knockout and wildtype mice, as
this inﬂammation represents in general a main pathogenetic factor in the
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development of COPD/emphysema.
To study the effects of tobacco smoke on MRP1 activity and cell
survival, we incubated an immortalized bronchial epithelial cell line with
cigarette smoke extract (CSE). Results are described in chapter six. Cell
survival was measured with a cytotoxicity test and effects on MRP1 activity
were determined with functional ﬂow cytometry by using a ﬂuorescent MRP1
substrate. MRP1 was downregulated with RNA interference to show the
MRP1 speciﬁcity of the effects of CSE.
In chapter seven, we aimed to gain more insight in the possible
effects of COPD treatments on MRP1. MRP1 activity was modulated with
several pulmonary drugs in bronchial epithelial cells by means of ﬂow
cytometry. For this purpose, cells were incubated with budesonide (a
corticosteroid), formoterol (a long-acting beta-agonist), or their combination,
N-acetylcysteine (an antimucolytic agent with antioxidant properties) and
ipratropium bromide (an anticholinergic drug).
In chapter eight, we describe the effects of the non-steroidal antiinﬂammatory drug (NSAID) and MRP1 inhibitor indomethacin on MRP1 in a
small cell lung cancer cell line. The purpose of this study was to determine
a relation between MRP1 expression in lung tumor cells and sensitivity for
indomethacin. Effects of indomethacin on cell survival, apoptosis, MRP1
mediated activity, GSH levels and mitochondrial potential were analyzed in
lung tumor cells with high and low MRP1 levels.
In chapter nine, a summary is given of this thesis together with the
future perspectives for further research, followed by a summary in Dutch.

References
1
2
3
4
5

14

Sethi JM, Rochester CL. Smoking and chronic obstructive pulmonary disease. Clin
Chest Med 2000: 21: 67-86.
MacNee W. Pulmonary and systemic oxidant/antioxidant imbalance in chronic
obstructive pulmonary disease. Proc Am Thorac Soc 2005: 2: 50-60.
Richmond RJ, Zellner KM. Alpha1-antitrypsin deﬁciency: incidence and implications.
Dimens Crit Care Nurs 2005: 24: 255-260.
Rahman I, MacNee W. Lung glutathione and oxidative stress: implications in cigarette
smoke-induced airway disease. Am J Physiol 1999: 277: L1067-L1088.
Kartner N, Riordan JR, Ling V. Cell surface P-glycoprotein associated with multidrug
resistance in mammalian cell lines. Science 1983: 221: 1285-1288.

General introduction

7

8
9
10
11

12

13

14

15
16

17

18

19

20

Cole SP, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE, Almquist KC, Stewart AJ,
Kurz EU, Duncan AM, Deeley RG. Overexpression of a transporter gene in a multidrugresistant human lung cancer cell line. Science 1992: 258: 1650-1654.
Zaman GJ, Versantvoort CH, Smit JJ, Eijdems EW, de Haas M, Smith AJ, Broxterman
HJ, Mulder NH, de Vries EG, Baas F. Analysis of the expression of MRP, the gene for
a new putative transmembrane drug transporter, in human multidrug resistant lung
cancer cell lines. Cancer Res 1993: 53: 1747-1750.
Dean M, Hamon Y, Chimini G. The human ATP-binding cassette (ABC) transporter
superfamily. J Lipid Res 2001: 42: 1007-1017.
Muller M. Human ABC-transporters [http://nutrigene.4t.com/humanabc.htm].
Leslie EM, Deeley RG, Cole SP. Toxicological relevance of the multidrug resistance
protein 1, MRP1 (ABCC1) and related transporters. Toxicology 2001: 167: 3-23.
Chen ZS, Lee K, Kruh GD. Transport of cyclic nucleotides and estradiol 17-beta-Dglucuronide by multidrug resistance protein 4. Resistance to 6-mercaptopurine and
6-thioguanine. J Biol Chem 2001: 276: 33747-33754.
Hopper-Borge E, Chen ZS, Shchaveleva I, Belinsky MG, Kruh GD. Analysis of the drug
resistance proﬁle of multidrug resistance protein 7 (ABCC10): resistance to docetaxel.
Cancer Res 2004: 64: 4927-4930.
Belinsky MG, Dawson PA, Shchaveleva I, Bain LJ, Wang R, Ling V, Chen ZS, Grinberg
A, Westphal H, Klein-Szanto A, Lerro A, Kruh GD. Analysis of the in vivo functions of
mrp3. Mol Pharmacol 2005: 68: 160-168.
Chen ZS, Guo Y, Belinsky MG, Kotova E, Kruh GD. Transport of bile acids, sulfated
steroids, estradiol 17-beta-D-glucuronide, and leukotriene C4 by human multidrug
resistance protein 8 (ABCC11). Mol Pharmacol 2005: 67: 545-557.
Kruh GD, Guo Y, Hopper-Borge E, Belinsky MG, Chen ZS. ABCC10, ABCC11, and
ABCC12. Pﬂugers Arch 2006.
Scheffer GL, Pijnenborg AC, Smit EF, Muller M, Postma DS, Timens W, van der Valk P,
de Vries EG, Scheper RJ. Multidrug resistance related molecules in human and murine
lung. J Clin Pathol 2002: 55: 332-339.
van der Deen M, de Vries EG, Timens W, Scheper RJ, Timmer-Bosscha H, Postma DS.
ATP-binding cassette (ABC) transporters in normal and pathological lung. Respir Res
2005: 6: 59.
Brechot JM, Hurbain I, Fajac A, Daty N, Bernaudin JF. Different pattern of MRP
localization in ciliated and basal cells from human bronchial epithelium. J Histochem
Cytochem 1998: 46: 513-517.
Muller M, Meijer C, Zaman GJ, Borst P, Scheper RJ, Mulder NH, de Vries EG, Jansen
PL. Overexpression of the gene encoding the multidrug resistance-associated protein
results in increased ATP-dependent glutathione S-conjugate transport. Proc Natl Acad
Sci U S A 1994: 91: 13033-13037.
Hipfner DR, Deeley RG, Cole SP. Structural, mechanistic and clinical aspects of MRP1.
Biochim Biophys Acta 1999: 1461: 359-376.

Chapter 1

6

15

Chapter two

16

CHAPTER TWO
ATP-binding cassette (ABC) transporters in
normal and pathological lung
Margaretha van der Deen1, Elisabeth G.E. de Vries1, Wim Timens3,
Rik J. Scheper4, Hetty Timmer-Bosscha1 and Dirkje S. Postma2
Department of Medical Oncology1, Department of Pulmonary
Medicine2 , Department of Pathology and Laboratory Medicine3,
University Medical Center Groningen, The Netherlands. Department
of Pathology4, Free University Medical Center, Amsterdam, The
Netherlands

Respiratory Research 2005: 6: 59.

Chapter two

Abstract
ATP-binding cassette (ABC) transporters are a family of transmembrane
proteins that can transport a wide variety of substrates across biological
membranes in an energy-dependent manner. Many ABC transporters such as
P-glycoprotein (P-gp), multidrug resistance-associated protein 1 (MRP1) and
breast cancer resistance protein (BCRP) are highly expressed in bronchial
epithelium. This review aims to give new insights in the possible functions of
ABC molecules in the lung in view of their expression in different cell types.
Furthermore, their role in protection against noxious compounds, e.g. air
pollutants and cigarette smoke components, will be discussed as well as the
(mal)function in normal and pathological lung. Several pulmonary drugs are
substrates for ABC transporters and therefore, the delivery of these drugs
to the site of action may be highly dependent on the presence and activity
of many ABC transporters in several cell types. Three ABC transporters are
known to play an important role in lung functioning. Mutations in the cystic
ﬁbrosis transmembrane conductance regulator (CFTR) gene can cause cystic
ﬁbrosis, and mutations in ABCA1 and ABCA3 are responsible for respectively
Tangier disease and fatal surfactant deﬁciency. The role of altered function of
ABC transporters in highly prevalent pulmonary diseases such as asthma or
chronic obstructive pulmonary disease (COPD) have hardly been investigated
so far. We especially focused on polymorphisms, knock-out mice models
and in vitro results of pulmonary research. Insight in the function of ABC
transporters in the lung may open new ways to facilitate treatment of lung
diseases.
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The prime role of the airways (trachea, bronchi, bronchioles and terminal
bronchioles) is to conduct air into and out of the lung and to form a ﬁrst
line of defence against undesired constituents of inhaled air. The airways
are continuously exposed to pathogens, irritants, pollutants and agents that
produce oxidative stress and therefore, the composition of the respiratory
tract surface is very important. The upper airways contain specialised cell
types such as ciliated cells and mucous secreting goblet cells. The lower
conducting airways (respiratory bronchioles, alveolar ducts and alveolar
sacs) participate in gas exchange by diffusion. The alveolar epithelial surface
comprises essentially two cell types, the alveolar epithelial type I cell and the
cuboidal alveolar epithelial type II cell. Type I cells ﬂatten out and in this way
constitute approximately 95% of the total alveolar surface, whereas type II
cells are more numerous and produce surfactant [1].
ABC (ATP-binding cassette) transporters are a family of transmembrane
proteins that can transport a wide variety of substrates across biological
membranes in an energy-dependent manner. They are phylogenetically
classiﬁed in seven distinct subfamilies of transporters (ABCA to ABCG),
which are again divided into subgroups. To date, 48 ABC transporters
have been detected in the human body [2, 3]. Overexpression of ABC
transporters such as P-glycoprotein (P-gp) and the multidrug resistanceassociated protein 1 (MRP1) were initially detected in tumour cell lines.
Their overexpression is associated with increased efﬂux of chemotherapeutic
drugs such as anthracyclines, epipodophyllotoxins and vinca-alkaloids,
and this can result in so-called multidrug resistance (MDR). Many MDR
proteins can act as drug efﬂux pumps, resulting in decreased intracellular
concentrations of toxic compounds at the site of action. MRP1 and P-gp
expression in the lung have especially been studied in the context of small
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). Currently
we know that ABC transporters are present in virtually every cell of all
species and play central roles in physiology. The prominent expression of Pgp and MRP1 in the human lung [4] suggests that these transporters may be
pivotal in the protection against endogenous or exogenous toxic compounds
entering the lung. The delivery of pulmonary drugs to reach the site of action
may also depend on the presence and activity of many ABC transporters
[5]. Langmann et al. developed quantitative real-time RT-PCR expression
proﬁling of 47 ABC transporters in 20 different human tissues. Tissues with
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a barrier function such as lung and trachea were identiﬁed to have high
transcriptional activity for many ABC transporters [6]. There are already
clear proofs of important functions of ABC transporters in the lung. The ABC
transporter most widely investigated is the cystic ﬁbrosis transmembrane
conductance regulator (CFTR), because mutations in this gene are
responsible for the development of cystic ﬁbrosis [7]. Mutations in ABCA1 are
causative for Tangier disease [8]. In newborns it was shown that mutations in
ABCA3 cause aberrant production of surfactant which can be lethal [9]. The
role of altered function of ABC transporters in highly prevalent pulmonary
diseases such as asthma or chronic obstructive pulmonary disease (COPD)
have hardly been investigated so far [10].
This review aims to give new insights in the possible functions of ABC
molecules in the lung in view of their expression in different cell types.
Furthermore, their roles in protection against noxious compounds will be
discussed as well as the (mal)function in normal and pathological lung. We
especially focused on the members of the ABCC subfamily of transporters (to
which the MRPs and CFTR belong), the ABCB subfamily (a.o. MDR1/Pgp and
MDR3/Pgp) and the ABCA subfamily (a.o. ABCA1 and ABCA3), because these
are a selection of the best characterised human transporters and because
they have been investigated in human lungs. Results of in vitro studies in
pulmonary research are being reviewed and an update will be given about
what is known about pulmonary functional changes in ABC transporter
knock-out mice models. In addition, the (potential) effects of polymorphisms
in ABC transporters on lung functioning are discussed.
MDR1/P-gp
MDR1 localisation and function
The MDR1 (ABCB1) gene is located on chromosome 7q21.12 and encodes for
P-gp. P-gp plays a role in cell defence against environmental attacks such
as generated by xenobiotics. It transports many hydrophobic substrates
and anti-cancer drugs including etoposide, doxorubicin and vinblastine
(for review, see [11]) and is mainly apically expressed in organs involved
in excretion such as liver and intestine. In the lung, P-gp is expressed at
the apical side of ciliated epithelial cells or ciliated collecting ducts, and
on apical and lateral surfaces of serous cells of bronchial glands but not
in mucus-secreting goblet cells (Figure 1 and 2)(Table 1) [12]. Epithelial
cells of the trachea and major bronchi stain strongly while staining of the
smaller bronchi is patchy or absent. In addition, P-gp is present in the lateral
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Figure 1. Expression of ATP-binding cassette proteins in several cell types of human lung.
ABC, ATP-binding cassette; BM, basement membrane; BCRP, breast cancer resistance protein;
CFTR, cystic ﬁbrosis transmembraFigure 1. Detoxiﬁcation pathways in which MRP1 and GSH
play a central role.
GSH, glutathione; GSSG, oxidized glutathione; GS-X, GS-conjugate; ATP, adenosine triphosphate;

membranes of normal nasal respiratory mucosa [13]. In human and rat type
I alveolar epithelium, P-gp is located at the lumenal side whereas freshly
isolated type II cells lack P-gp [14]. In another study, pneumocytes did not
stain for P-gp [15]. Some antibodies visualised P-gp in endothelial cells of
blood vessels (Figure 1) [12, 15, 16]. In addition, alveolar and peripheral
blood monocyte-derived macrophages stained positive but variably for Pgp [4, 16, 17]. The observed apical epithelial expression may signify that
P-gp plays a role in transport of compounds from the interstitium into the
lumen. However, the precise function of P-gp in the lung is as yet unknown.
Interestingly, P-gp was found to play a role in the regulation of cell volume
activated chloride channels and to possess channel activities [18, 19].
However, Cl- and K+ conductances were not affected by the level of P-gp
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Table 1. Summary of features of ABC transporters in human lung
ABC gene

Gene
location

Functional role or
substrates

Linked to
disease

Protein expression in lung
cells (+ localisation$)

MDR1/P-gp
(ABCB1)

7q21.12

Drug resistance
Hydrophobic oganic
cations

Unknown

Bronchial epithelium (ap),
mucinous glands (ap), alveolar
type I cells* (ap), endothelium*
(ap), alv. macroph.

[4,12,14-16]

MDR3/P-gp
(ABCB4)

7q21.12

Phosphatidyl choline

Unknown

Absent

[4]

MRP1 (ABCC1)

16p13.12

Drug resistance
Organic anions (e.g.
GSH conjugates,
LTC4)

COPD?

Bronchial epithelium (ba/la),
goblet cells (ba), peripheral
epithelial cells* (ba/la),
seromucinous glands (ba/la),
alv. macroph.

[4,53,85]

MRP2 (ABCC2)

10q24.2

Drug resistance
Organic anions

Dubin-Johnson
syndrome

Bronchial epithelium* (ap),
primary bronchial and
peripheral epithelial cells* (in)

[4,85,90]

MRP3 (ABCC3)

17q21.33

Drug resistance
Organic anions

Unknown

Primary bronchial and
peripheral epithelial cells*
(ba/la)

[85]

MRP4 (ABCC4)

13q32.1

Nucleoside
analogues,
Prostaglandin E1, E2

Unknown

Primary bronchial and
peripheral epithelial cells* (in)

[85]

MRP5 (ABCC5)

3q27.1

Nucleoside
analogues,
Hyaluron

Unknown

Primary bronchial and
peripheral epithelial cells* (in)

[85]

MRP6 (ABCC6)

16p13.12

Unknown

Pseudoxanthoma
elasticum

Unknown

MRP7 (ABCC10)

6p21.1

Drug resistance

Unknown

Unknown

MRP8 (ABCC11)

16q12.1

Conjugated steroids,
nucleoside
analogues, bile acids

Unknown

Unknown

MRP9 (ABCC12)

16q12.1

Unknown

Unknown

Unknown

CFTR (ABCC7)

7q31.31

Chloride ion channel

Cystic fibrosis

Bronchial epithelium (ap),
seromucinous glands (ap),
Clara cells*, Alv. type I cells*

[117-120]

BCRP (ABCG2)

4q22

Drug resistance
Unknown
Protection food toxins

Bronchial epithelium (ba/la),
endothelium, seromucinous
glands

[4]

ABCA1

9q31.1

Cholesterol and
phospholipids

Tangier disease

Alv. type II cells

[151]

ABCA3

16p13.3

Surfactant secretion

Surfactant
deficiency

Alv. type II cells

[155]

$Cellular

localisation: ap, apical; ba, basal; la, lateral; in, intracellular; alv., alveolar;
macroph., macrophages; #References are mentioned that demonstrate protein localisation
histologically; *Conflicting results exist in literature.
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expression and the physiological role of P-gp in volume-activated chloride
currents is still unclear [20-22]. Many lipophilic amines, such as fentanyl,
highly accumulate in the lung. It was suggested that P-gp plays a role in
the disposition of these pulmonary amine drugs [23]. Cellular uptake in
lung microvascular endothelial cells of fentanyl was inhibited by the Pgp substrate verapamil, but not by the P-gp blocking antibody UIC2. The
authors suggested that this results from an inhibition of fentanyl uptake.
This is however unlikely, since P-gp is primarily responsible for removal of
drugs out of cells.
P-gp mRNA expression was not increased in smokers (n=11) compared to
ex-and non-smokers (n=7) [12]. Whether P-gp expression levels may play a
defensive role towards tobacco-derived agents remains to be investigated.
MDR1 in tumours
High P-gp expression can imply chemotherapeutic resistance due to
increased chemotherapeutic drug efﬂux. In cancer therapy, many attempts
have been made to reverse MDR mechanisms. However, in a randomised
double-blind trial in 130 SCLC patients no positive effects were seen with the
P-gp modulator megestrol aceatate in addition to chemotherapeutic drugs,
suggesting that levels of P-gp expression in lung tumours were not relevant
or that modulation of P-gp activity was not complete in this treatment [24].
Some studies show higher P-gp expression at the invasion front of lung
tumours and it was suggested that P-gp expression augments invasion
properties of tumour cells [25]. Only two out of 22 NSCLC samples (both
adenocarcinomas) stained positive with three P-gp antibodies [15] and no Pgp was detected on pulmonary carcinoids. Other studies revealed a relation
between P-gp and glutathione S-transferase-pi (GST-pi) expression in NSCLC
that were exposed in vitro to doxorubicin [26], suggesting that these two
factors play a role in doxorubicin resistance. There was also a correlation
between current smoking and doxorubicin resistance of NSCLC. Fortytwo out of 72 NSCLC smokers expressed P-gp, whereas only two out of 22
tumours of non-smokers were P-gp positive [27].
MDR1 polymorphisms
MDR1 polymorphisms were ﬁrst described by Hoffmeyer et al. [28] who found
a correlation between lower intestinal expression of P-gp and a polymorphism
in exon 26. Many single nucleotide polymorphisms (SNPs) have been
recognised in the MDR1 gene (see reference [29] for recent review about
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clinical aspects). The impact of these polymorphisms on lung diseases is still
speculative. It was proposed that polymorphisms in the MDR1 gene may have
clinical consequences in patients with cystic ﬁbrosis, since MDR1 plays a
role in CFTR regulation. Rodents contain two Mdr1 genes, denoted as Mdr1a
and Mdr1b. It was shown that Mdr1b mRNA expression in lung parenchyma
of outbred rats is very variable and this may also be the case in humans [30].
The possible effects of MDR1 polymorphisms was studied in tobacco-related
lung cancer [31]. No clear association was found between the T/T genotype
of the C3435T polymorphism and susceptibility to lung cancer in a group
of 268 Caucasian men who were current smokers. No relation was found
between SNP C3435T in MDR1 and survival in 62 docetaxel-cisplatin-treated
NSCLC patients [32]. Immunosuppressive agents such as cyclosporin A and
tacrolimus (both calcineurin antagonists) are P-gp substrates. No relation
was found of MDR1 G2677T and C3435T genotypes with tacrolimus blood
levels in 83 lung transplant patients treated with tacrolimus [33]. Altogether,
these data implicate that there is still no clear association between MDR1
polymorphisms and effects on outcome of treatment of lung cancer or lung
transplant patients.
MDR1 in animal models
Scheffer et al. detected high P-gp levels in lungs of mice [4]. In rats,
Mdr1a and Mdr1b mRNA expression were highest in the ileum [34]. The
Mdr1a expression level in rat lung was 2% of the expression in ileum
and expression of Mdr1b was 47% of that in ileum. In mice orally treated
with dexamethasone for 24 hours, Mdr1b mRNA expression in lungs was
decreased, from which the authors deduce that dexamethasone treatment
of lung tumours may reverse MDR [35]. To study the in vivo distribution
of P-gp, nude rats were injected with a P-gp overexpressing SCLC cell line
(GLC4/Pgp) and with a P-gp negative cell line (GLC4) [36]. P-gp function
was visualised with radiolabeled P-gp substrate [11C]verapamil by positron
emission tomography (PET) with or without P-gp modulator cyclosporin A.
The accumulation of [11C]verapamil was signiﬁcantly increased by cyclosporin
A in brains and GLC4/Pgp tumours in these rats. In all other investigated
organs including lungs, the accumulation after cyclosporin A treatment was
unaltered. In intact rabbit lung, vascular P-gp kinetics were measured in
vivo using the lipophilic amine dye rhodamine 6G (R6G) by measuring R6G
in the perfusate during circulation [37]. Inhibition of P-gp function with
verapamil or GF120918 resulted in higher accumulation of R6G in lung.
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large variety of pulmonary therapeutic agents, such as corticosteroids and
sympathicomimetics that may be substrates for transporters in the lung or
modulate their activity. Similar studies were also carried out in perfused
rat liver to assess the effect of P-gp modulators on the hepatobiliary system,
supporting the usefulness of this approach [38].
Mdr1a/1b (-/-) mice lack both genes encoding for P-gp and these mice seem
physiologically normal. The penetration of [3H]digoxin (a P-gp substrate) was
higher in brain, ovary and adrenal gland. In the lung tissue of these (-/-)
mice [39], the level of [3H]digoxin was rather low compared to other organs.
The level was 2.6 times higher in (-/-) mice than in (+/+) mice, but this was
not signiﬁcant. The pharmacokinetics of the central nervous system (CNS)
drug amitryptiline (a P-gp substrate) and its metabolites were examined in
Mdr1a/1b (-/-) mice by high performance liquid chromatography (HPLC) in
several organs. Higher concentrations of these metabolites were measured in
the brain of these mice, but not in other examined organs including the lung
[40]. Thus, P-gp likely plays a more active role in exporting CNS drugs out of
the brain than out of the lung. Another possibility is that other transporters
in the lung were capable to efﬂux these drugs as a compensation mechanism.
MDR1 in vitro
Several lung cell culture models have been described for determining P-gp
expression and functionality. The immortalised human bronchial epithelial
cell line 16HBE14o- resembles primary epithelium and was reported to be
suitable for drug metabolism studies [41]. In 16HBE14o- cells, P-gp was
expressed at the apical side. Its functional activity was measured with Pgp substrate rhodamine 123 and its transport was inhibited by verapamil
[42]. Two lung cell lines, Calu-3 and A549 cells, were compared for P-gp
expression and functionality [43]. The bronchiolar adenocarcinoma cell line
Calu-3 is suitable for drug transport studies because these cells form tight
junctions in culture, which is not the case for the type II alveolar carcinoma
cell line A549. P-gp expression was higher in A549 cells than in Calu-3 cells.
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It was proposed that the opposite would happen when epithelial P-gp was
inhibited because R6G would then be retained in the airspace. We propose
another possibility that inhibition of epithelial P-gp will also result in higher
R6G accumulation. In that case, R6G transport to the lumen is inhibited
and as a compensation mechanism it may be transported back to the
interstitial side where it either may be retained in the tissue or subsequently
be transported into the circulation. This model could be useful in testing a
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However, efﬂux of rhodamine 123 was higher in Calu-3 cells. This may be
explained by additional MRP1 activity in these cells because rhodamine 123
is also an MRP1 substrate [44]. In primary rat alveolar type II cells, Mdr1b
mRNA levels increased in a time dependent manner in cultures at day 1, 2
and 3 compared to freshly isolated cells. Mdr1b mRNA was present at low
levels and increased after oxygen radical induction with paraquat [45]. P-gp
expression was below the detection limit in these cells at time of isolation. In
freshly isolated primary human bronchial epithelial cells, P-gp was present
and increased after 24 hours paraquat exposure. Rhodamine 123 efﬂux
could be measured in these cells, conﬁrming functional activity of P-gp [45].
These results demonstrate that P-gp is upregulated during stress, both from
radical production and from ex vivo culturing or differentiation.
MDR3/P-gp
The MDR3/P-gp (ABCB4) gene maps closely to MDR1/P-gp on chromosome
7q21.12 and has high homology with MDR1 although its function is very
different. It is involved in phosphatidyl choline transport from the liver into
the bile. Its RNA and protein have not been detected in human and mouse
lung and trachea [4, 6] and it is therefore not expected that MDR3 is present
in the lungs.
MRP1
MRP1 localisation and function
The MRP1 (ABCC1) gene is located on chromosome 16p13.12. Cole et al.
discovered in 1992 a non-Pgp mediated MDR mechanism in the human
lung cancer cell line H69AR [46]. MRP1 was overexpressed in these cells
and it was found that glutathione-, glucuronide-, and sulfate-conjugated
organic anions are substrates for MRP1 [47, 48]. MRP1 confers resistance
to several chemotherapeutic agents including vincristine, daunorubicin
and methotrexate [49-51]. Physiological substrates for MRP1 are e.g.
leukotriene C4 (LTC4) and glutathione disulﬁde (GSSG) [52]. Interestingly,
these substrates play an important role in lung physiology with respect
to inﬂammation and oxidative stress. MRP1 is highly expressed mainly at
the basolateral side of human bronchial epithelial cells (Figure 1 and 2)
[53]. Ciliated and basal cells have been collected from brushes of main or
lobar bronchi. Basal cells stained strongly on the entire circumference of
the plasma membrane. Ciliated epithelial cells and mucous cells stained
positive at the basolateral membrane but not at the apical membrane. No
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Figure 2. Immunohistochemical staining
of ATP-binding cassette proteins in human
lung. A. apical expression of P-gp in bronchial
epithelium (COPD patient; frozen section,
antibody C219), B. basolateral expression of
MRP1 in bronchial epithelium (COPD patient;
antibody MRPr1), C. MRP1 expression in
bronchoalveolar lavage cells (healthy individual;
antibody MRPr1). Lu, lumen.
Scale bar = 25 µM.

A
Lu

B

C
intracytoplasmic staining was observed. However, strong apical cytoplasmic
staining has been detected below the cilia in respiratory columnar epithelial
cells in parafﬁn sections with antibody MRPr1 [4, 13, 54]. The discrepancy
between these ﬁndings may be due to different ﬁxation procedures. Basal
cells of seromucinous glands of the lungs also stain positive for MRP1
with a higher intensity in the serous area than mucinous cells. Alveolar
macrophages are MRP1 positive with variable staining between individual
lung samples (Figure 2) [4]. Kool et al. investigated MRP1, 2, 3, 4, and 5 with
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an RNase protection assay in total lung RNA and found high MRP1, absence
of MRP2, low MRP3 and MRP4 and moderate MRP5 gene transcripts [55].
Total RNA was obtained from lung tissue collected during surgery or autopsy.
Therefore, the original cell types can not be distinguished in these samples.
Possibly, the high MRP1 expression at the basolateral side of lung epithelium
may assist in the clearance of toxins coming from the luminal or interstitial
side (back) into the interstitial ﬂuid [56]. Function of MRP1 expression in the
lung epithelium, glands and alveolar macrophages may include extrusion
of toxic intracellular substances, antioxidant defence or production of
LTC4 as an inﬂammatory response. Given the fact that MRP1 expression is
higher in the lung compared to other solid organs, decreased or increased
functional MRP1 expression may have a high impact on development and/or
progression of lung diseases and protection against air pollution and inhaled
toxic substances such as present in cigarette smoke [57].
MRP1 in tumours
Using mRNA in situ hybridisation Thomas et al. [58] detected high MRP1
expression in normal epithelium whereas the major component of the
tumour epithelium showed a negative hybridisation signal. However,
MRP1 transcript expression at the invasive front of the lung tumours was
consistently stronger and particularly strong in areas with lymphatic or blood
vessels. In addition, endothelial cells and lymphocytic inﬁltrates stained
strongly positive for MRP1. These results may indicate a role of MRP1 in
invasion or in mitotic activity. In a recent study, all 102 NSCLC tumours
were MRP1 positive. In addition, the level of expression was 3-fold higher
in DNA-aneuploid cells compared to normal bronchial and carcinomatous
DNA-diploid cells [59]. This was associated with more frequent gain of
chromosome 16 where the MRP1 gene is located. Overexpression of MRP1
may therefore be an important factor of intrinsic resistance to chemotherapy
in NSCLC. High MRP1 expression can also result in increased apoptosis as
shown by experiments with verapamil in MRP1 transfected baby hamster
kidney-21 (BHK-21) cells [60]. Verapamil acts as an apoptogen in these
cells when compared to MRP1 negative cells or mutant MRP1 transfected
control cells. This was accompanied by depletion of intracellular GSH due to
transport of GSH by MRP1. Indeed, addition of extracellular GSH prevented
cell death. This mechanism may be valuable for treatment of MRP1-positive
tumours.
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MRP1 in non-malignant diseases
Cigarette smoking is the principle risk factor for the development of COPD.
Our preliminary results indicate that MRP1 expression is diminished
in bronchial epithelium of COPD patients (ex-smokers) and that lower
expression is related to worse lung function [57]. In addition, bronchial
MRP1 expression was higher during smoking than after one year of smoking
cessation (Van der Deen et al., submitted). The expression of MRP1 measured
with RT-PCR was similar in lungs of smokers and a combined group of exand non-smokers, suggesting that current smoking does not affect MRP1
gene expression [53]. This was semi-quantitatively analysed and the power
of this study was rather low (smokers n=13 and ex- or non-smokers n=8).
Cigarette smoke extract is a complex mixture of many substances. One of
these is nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK),
a carcinogenic nitrosamine. NNK is converted intracellularly in NNAL-Oglucuronide which is transported by MRP1 in the presence of glutathione
(GSH) [61]. Thus, functional activity of MRP1 in the lung may play an
important role in the antioxidant defence against toxic compounds generated
by cigarette smoke.
MRP1 polymorphisms
Polymorphisms of the MRP1 gene or in regulatory genes may inﬂuence
function of MRP1 in the lung. MRP1 has been screened for genetic variations
and several mutations have been found in the MRP1 gene in the human
population [62, 63]. Ethnic differences for MRP1 expression were observed
between Caucasian and Japanese subjects but the clinical consequences
have to be determined to date [64, 65]. In preclinical models, a single
mutation in the MRP1 gene can result in loss of transport of some, but not
all, MRP1 substrates [66] which implies that potentially minor differences
in the MRP1 gene may result in aberrant functional capacities of the MRP1
protein. A low frequency (<1%) naturally occurring mutation in MRP1
was related to functional differences in organic anion transport and drug
resistance [67]. Therefore, some individuals could be more susceptible to a
set of xenobiotics than others.
MRP1 in animal models
Scheffer et al. detected, besides P-gp, high levels of Mrp1 in lungs of mice
[4]. Mrp1 (-/-) mice develop normally [68]. Viability, fertility, and a range of
histological, hematological, and serum-chemical parameters were similar in
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Mrp (+/+) and Mrp (-/-) mice. However, Mrp1 (-/-) mice are hypersensitive to
exposure to several drugs e.g. etoposide, resulting in loss of body weight and
death [56, 68, 69]. In Mrp1 deﬁcient mice there were no gross abnormalities
in lungs and other tissues after treatment with the chemotherapeutic drug
etoposide-phosphate, but abnormal mucous production was seen around
the mouth. Further examination of tissues showed that these mice suffered
from oropharyngeal toxicity [56]. In Mrp1 (-/-) mice, GSH levels were elevated
in e.g. lung, kidney, heart, testes and skeletal muscle. In organs that
express little MRP1, such as the liver and small intestine, GSH levels were
unchanged [68, 70]. The increase in GSH was not related to increased levels
of gamma-glutamylcysteine synthetase (gamma-GCS), the rate-limiting
enzyme for production of the tripeptide GSH. This suggests that MRP1 plays
a role in GSH metabolism because MRP1 expression determines cellular GSH
levels which is gamma-GCS independent. In liver tissue, Mrp2 and Mrp5
mRNA levels were increased in Mrp1(-/-) mice compared to wild-type mice,
probably due to a compensation mechanism. Mdr1a and Mrp3 levels were
unchanged in these animals. Unfortunately, lung tissue was not examined
[70]. Mrp1 (-/-) mice showed impaired inﬂammatory responses accompanied
by a decreased LTC4 excretion by leukotriene producing cells [68, 69]. The
outgrowth of Mycobacterium tuberculosis was enhanced in Mrp1 (-/-) mice,
but there was no difference in survival compared to wild-type mice [71].
Strikingly, Schultz et al. [72] observed that the survival of Mrp1 (-/-) mice
inoculated with Streptococcus pneumoniae was better than of wild-type mice.
This was accompanied by a lower LTC4 concentration but a higher LTB4 level
in bronchoalveolar lavage ﬂuid (BALF). Treatment with an LTB4 antagonist
abolished the positive effect on survival rate. Altering MRP1 function
may therefore be a target for further studies on treatment of pneumonia.
Interestingly, LTB4 levels are also elevated in sputum and exhaled breath
condensate of COPD patients [73, 74]. This is thought to result from a higher
amount of neutrophils present, yet also lower functional MRP1 expression
may play a role, according to the observations in Mrp1 (-/-) mice [57, 72].
The pulmonary and hepatic carcinogen aﬂatoxin B1 (a mycotoxin) and its
GSH conjugate are MRP1 substrates in vitro [75]. MRP1 may therefore play
an important role in detoxiﬁcation of aﬂatoxin B1 in the lung. No difference
in occurrence of lung tumours (and liver tumours) 12 months after an 8
week exposure to aﬂatoxin B1 was observed in Mrp1 (-/-) and wild-type mice
[76]. This observation may be explained by differences in exposure time
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compared to humans (who may be chronically exposed for many years) or by
redundancy of other ABC transporters in knock-out mice to export aﬂatoxin
B1 and its conjugates.
NRF2 (nuclear factor-E2 p45-related factor), a transcription factor for many
genes that play a role in antioxidant defence and detoxiﬁcation processes,
was recently identiﬁed as a transcription factor for MRP1 [77]. Interestingly,
the onset of cigarette smoke-induced emphysema was earlier and the
extent of emphysema was more severe in Nrf2 (-/-) mice as compared to
wild-type mice [78]. The number of inﬂammatory cells, mainly consisting of
macrophages, in bronchoalveolar lavage ﬂuid and lung tissue was higher in
Nrf2 (-/-) mice, accompanied by more extensive apoptosis of endothelial cells
and alveolar type II cells. Forty-ﬁve Nrf2-dependent protective genes were
induced by smoke exposure in wild-type mice compared to knock-out mice
as measured with microarray analysis. Regretfully, Mrp1 was not present on
this gene expression array. Similar smoke exposure experiments with Mrp1
(-/-) mice would be interesting to investigate if these mice are also more
susceptible to develop emphysema. Three polymorphisms were identiﬁed in
the promotor region of NRF2 in healthy individuals (n=81) and in patients
with COPD (n=87) and sytemic lupus erythematosis(n=51) (all Japanese
individuals) [79]. There was no relation between these polymorphisms and
risk of these diseases, but the power of this study was rather low.
Mdr1a/1b(-/-)/Mrp1(-/-) triple knockout (TKO) mice are indistinguishable
from wild-type mice under normal physiological conditions [80, 81].
Intravenous injection of [3H]etoposide in TKO mice resulted after 4 hours in a
higher accumulation in brown adipose tissue, colon, urogenital tract, salivery
gland and heart when compared to Mdr1a/1b (-/-) mice. The accumulation
of [3H]etoposide in lung did not increase [80]. Accumulation of [3H]vincristine
was 26-fold higher in lungs of weaning TKO mice compared to adult TKO
mice, 4 hours after a single dose intraperitoneal injection [82]. In TKO
compared to wild-type mice, [3H]vincristine was 82.7 and 5.8-fold increased
in respectively weaning and adult mice after 4 hours in this experimental
setting. Eight hours post-injection, these ratios were 33 and 51.1. Thus,
accumulation of vincristine is both time and age-related. In another study,
toxicity of the chemotherapeutic drugs vincristine and etoposide was elevated
in TKO mice (respectively 128-fold and 3-5 fold) compared to wild-type mice.
Lung tissue was not further examined [81].
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MRP1 in vitro
MRP1 overexpression was ﬁrst described in the human lung cancer cell
line H69AR [46]. The human SCLC cell line GLC4/ADR, which displays
multiple copies of the MRP1 gene, is often used to study MRP1 function
[47]. The lung cell line Calu-3 (from bronchiolar adenocarcinoma/glandular
origin) has been reported to express MRP1 basolaterally and has functional
MRP1 activity. It may serve as a good model for in vitro analysis of transport
activities [44]. Besides P-gp, MRP1 protein was present in freshly obtained
primary human bronchial epithelial cells. Efﬂux of MRP1 substrate carboxydichloroﬂuorescein could be measured in these cells and was inhibited by
MRP modulator MK571 [45]. In contrast to upregulation of P-gp, epithelial
cells did not respond with MRP1 upregulation to paraquat and MRP1 levels
were stable in time until 12 weeks, but highly increased after 18 weeks
culturing. An interesting observation was made by Bandi et al. [83] who
incubated the airway epithelial cell line Calu-1 with budesonide, an antiasthma drug. MRP1 expression decreased after 7 and 14 days incubation
with budesonide (10 µM) but not at day 1 and 4. MRP1 function was also
diminished after 14 days incubation with increasing amounts of budesonide
(1, 10 and 100 µM). It was therefore proposed that budesonide could be used
as a chemosensitiser in lung tumours. The immortalised bronchial epithelial
cell line 16HBE14o- expresses high MRP1 protein levels and activity [10].
MRP1 activity, but not P-gp, was blocked by incubation with cigarette smoke
extract. Thus, the expression of MRP1 in human lungs may contribute to
defence mechanisms of toxic inhaled substances present in cigarette smoke
to protect against pulmonary diseases such as lung cancer or COPD. It was
shown that benzo[a]pyrene (B[a]P), a polycyclic aromatic hydrocarbon that is
a.o. present in cigarette smoke and car exhaust fuels, increased the efﬂux of
monochlorobimane GSH conjugate (mBCl-SG, which is an MRP substrate)
out of primary rabbit alveolar type II cells [84]. This was explained by an
increase in GSH levels. MK571 reduced the efﬂux of mBCL-SG, suggesting
that the transport was MRP-mediated. Surprisingly, the transport direction of
this substrate was higher to the apical than to the basolateral compartment.
This may imply that MRP1 (or other MRPs) is apically located in alveolar
type II cells in contrast to the basolateral location that is usually reported for
MRP1, or that another transporter is responsible for this unexpected result.
MRP1-5 expression was studied in primary human lung cell cultures and
in A549 cells [85]. MRP1 and MRP3 expression were membrane-associated
whereas MRP2, 4, and 5 were located in intracellular structures in primary
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cells (both bronchial and peripheral epithelial cells). In A549 cells, all
transporters were expressed in the cellular membrane. The ﬂuorescent
microscopic pictures, however, did not precisely show the exact cellular
localisation and in several cases, the Golgi apparatus also seems to stain
beside the cellular membrane.
MRP2
MRP2 localisation and function
MRP2 (ABCC2) is located on chromosome 10q24.2 and is also named the
canalicular multispeciﬁc organic anion transporter (cMOAT) in the liver [86].
MRP2 and MRP1 share very similar substrate speciﬁcities. High afﬁnity
endogenous substrates for MRP2 include amphiphilic anions, such as LTC4
[87, 88] and bilirubin glucuronosides [89, 90]. Data on the presence of MRP2
protein in the lung are conﬂicting. Only one out of three antibodies stained
positive at the apical side in bronchial epithelium (Figure 1) [4, 90]. If MRP2
is expressed apically, it could be involved in transport of noxious compounds
into the lumen of the lung.
MRP2 in animal models
There are several rat strains that have a mutation in Mrp2/cMOAT and
the phenotypes resemble that of the human Dubin-Johnson syndrome, a
disease in which MRP2 is mutated. Examples are the GY/TR- rat [91] and the
Eisai hyperbilirubinemic rat (EHBR) [92]. Subjects with the Dubin-Johnson
syndrome and also Mrp2 deﬁcient rats display jaundice and have impaired
organic anion transport. Recently, it was shown that deﬁcient Mrp2 function
in EHBR rats was compensated by upregulation of Mrp3 in liver and kidney
[93]. Mrp2 (-/-) mice have not been described. There are no reports in the
literature of pulmonary malfunction in rats or humans with defects in the
MRP2 gene.
MRP3
The MRP3 (ABCC3) gene is the closest MRP1 homologue [94] and is located
on chromosome 17q21.33. It is involved in resistance against the anticancer drugs etoposide, teniposide and at higher concentrations also to
methotrexate [95]. MRP3 is located in basolateral plasma membranes of liver,
adrenals, pancreas, kidney, gut and gallbladder. The physiological function
of MRP3 is still unknown but its cellular localisation and the information
on substrates implies a role for MRP3 in transport of organic anions from
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the liver into the blood, especially when secretion into bile is being blocked
[96]. MRP3 protein and RNA was not detected in bronchial epithelium [4,
96]. However, data in literature are conﬂicting and preliminary unpublished
results indicate that Mrp3 is present in mouse lung. As already mentioned in
the discussion on MRP1, primary epithelial cells (of bronchial and peripheral
origin) and A549 cells stain positive for MRP3 (Figure 1) [85]. MRP3 mRNA
was measured by quantitative RT-PCR in normal lung and lung tumours.
MRP3 transcript levels were related to exposure to vincristine, etoposide and
platinum drugs in lung tumours [97, 98].
MRP4 and MRP5
MRP4 (ABCC4) and MRP5 (ABCC5) genes map to 13q32.1 and 3q27.1
respectively. MRP4 protein is highly expressed in the kidney and prostate
and MRP4 mRNA is present in the lung [55, 99]. MRP5 mRNA is ubiquitously
expressed, mainly in brain and skeletal muscle and also in the lung [6, 55].
Primary epithelial cells (of bronchial and peripheral origin) and A549 cells
stain positive for MRP4 and 5 (Figure 1) [85]. The substrate speciﬁcities of
these two transporters differ from the other transporters of the ABCC family,
i.e. they transport a variety of nucleoside analogues. The physiological role
of both proteins is still unknown but they can serve as an efﬂux pump of
the nucleosides cAMP and cGMP at low afﬁnity, likely in a GSH independent
manner [100-103]. Interestingly, AMP levels in lungs of asthma and
COPD patients are elevated and therefore, MRP4 and MRP5 activity may
be of clinical relevance in these diseases [104]. MRP4 can actively efﬂux
prostaglandins E1 and E2 [105]. It was also suggested that MRP4 plays a role
in the transport of conjugated steroids and bile acids [106], whereas MRP5
was reported to transport hyaluran out of cells [107]. In a recent study, a
panel of 60 human cancer cell lines (the NCI-60) were screened with realtime RT-PCR for 48 human ABC transporters. Among these were several lung
cancer cell lines. An association was found between MRP4 and MRP5 gene
expression and resistance against platinum drugs in lung cancer [108-110].
MRP6
MRP6 (ABCC6) maps to chromosome 16p13.12 and is mainly expressed
in liver and kidney. MRP6 was neither detected in the lung nor in lung
derived tumour cell lines SW1573 and GLC4 by immunohistochemistry
[111]. However, MRP6 mRNA was moderately present in human lung
extracts [6]. MRP6 is mutated in the hereditary connective tissue disorder

34

ATP-binding cassette (ABC) transporters in normal and pathological lung

Chapter 2

pseudoxanthoma elasticum which affects skin, retina and blood vessels (for
review, see [112]). Still, its physiological role in this disease and its substrate
speciﬁcity is unclear. Pulmonary abnormalities are rare in pseudoxanthoma
elasticum. However, in some patients calciﬁcation and elastic tissue damage
in the lung have been described [113]. This may be due to an altered MRP6
function. Further studies are required to assess whether dysfunction of
MRP6 also plays a role in development of other lung diseases such as
emphysema. With in situ hybridisation and RNase protection assay in
C57BL/6 mice, Mrp6 mRNA could be detected in tracheal and bronchial
epithelium [114].
MRP7, MRP8 and MRP9
To date, the functions of MRP7 (ABCC10, gene 6p21.1), MRP8 (ABCC11, gene
16q12.1) and MRP9 (ABCC12, gene 16q12.1) are largely unknown. Of these
recently discovered ABC transporters, only MRP7 mRNA is highly expressed
in total lung and trachea RNA extracts [6]. MRP7 function resembles P-gp
function in the resistance against taxanes [115]. MRP8 resembles MRP4
function more than MRP5, and the physiological role of MRP8 may involve
transport of conjugated steroids, cyclic nucleotides and bile acids [116].
CFTR
CFTR localisation and function
CFTR (ABCC7) is located on chromosome 7q31.31. CFTR is the only member
of the ABC superfamily which is not an active transporter. It functions
as a chloride channel and in normal human airway tissue CFTR is highly
expressed at the luminal side in serous cells of the submucosal glands. In
addition, it is restricted to the apical membrane domain of well-differentiated
epithelial cells such as ciliated cells, and probably also non-ciliated Clara
cells and alveolar type I cells (Figure 1) [117-120]. CFTR is also expressed in
normal nasal respiratory mucosa [13].
CFTR in cystic ﬁbrosis
Mutations in the CFTR gene can cause cystic ﬁbrosis [7] and are associated
with abnormal Cl- and Na+ ion transport in several tissues including
the lungs, pancreas, gastrointestinal tract, liver, sweat glands and male
reproductive organs. Although the normal expression of CFTR in the lung is
lower compared to tissues such as the intestine and pancreas, its function
in the lung is of major importance. The most frequent mutation in this
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gene is the delta F508 mutation which leads to cystic ﬁbrosis. Defective
CFTR function can cause viscous secretions in the lungs which leads to
chronic inﬂammation with acute exacerbations by impaired mucociliary
clearance. There are major risks for colonisation with Pseudonomas
aeruginosa which leads to pneumonia and respiratory insufﬁciency [121].
Besides abnormal CFTR localisation and expression in cystic ﬁbrosis, also
in non-cystic ﬁbrosis airway tissue CFTR can be abnormally expressed
in remodelled or dedifferentiated epithelium [122, 123] whereas in delta
F508 CFTR epithelial cells there may be a normally processed CFTR [120,
124]. The regulation and transport function of CFTR are dependent of the
state of differentiation and polarisation of epithelial cell cultures [125,
126]. Dedifferentiation with hyperplasia or metaplasia was associated with
an intracellular localisation or absence of CFTR protein [122]. Hurbain et
al. [127] analysed MRP1-5 transcript levels in nasal respiratory cells from
cystic ﬁbrosis patients with homozygous delta F508 mutation. Surprisingly,
low MRP1 levels were associated with more severe disease and in addition,
MRP1 levels were related to cAMP-independent chloride transport suggesting
that MRP1 regulates another chloride channel in the apical membrane.
CFTR function is cAMP regulated [121], and therefore, MRP4 or MRP5
activity may play a role in regulation of CFTR, since these proteins transport
cAMP. Another study showed that CFTR function is blocked by two MRP
substrates (taurolithocholate-3-sulphate and beta-estradiol) [128]. This
implies that these two substances are also substrates for CFTR, or that
CFTR and MRP proteins possess similar anion binding sites. Bebok et al.
showed that nitric oxide (NO) and reactive oxygen nitrogen species (RONS)
decrease wild-type CFTR protein levels in airway epithelial cell monolayers
[129]. Natural sources of NO and RONS are activated in alveolar and
interstitial macrophages [130, 131], neutrophils [132], alveolar type II cells
[133, 134] and airway epithelial cells [135]. In this view, CFTR function may
be important in pulmonary infections and in the effect of oxidative stress
generated by e.g. cigarette smoke.
CFTR in animal models
Cftr knock-out mice show reduced viability in contrast to most other
ABC transporter knock-outs which are viable and fertile. Trezise et al.
developed Cftr knock-out mice that have a severe cystic ﬁbrosis phenotype
accompanied by a lack of Cftr-related chloride conductance in e.g. tracheal
epithelium [136, 137]. They found that the P-gp mRNA level was four-fold
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increased in intestines of neonatal and 3- to 4-week-old Cftr knock-out mice
compared to littermates of the same age. However, in 10 weeks-old mice Pgp levels were three-fold decreased. Apparently, a reduction or loss of Cftr
function inﬂuences P-gp expression.
Chapter 2

CFTR in vitro
The Calu-3 cell line, which has properties from serous cells of the pulmonary
submucosal glands, is often used to study function and expression of CFTR
[129, 138]. It was demonstrated in Calu-3 cells that CFTR mRNA expression
is downregulated after ouabain incubation whereas P-gp expression was
upregulated [139]. The bronchial epithelial cell line 16HBE14o- is also
invaluable in CFTR research [129, 140]. In wild-type and mutant CFTR
expressing Sf9 insect cells, it was demonstrated that besides chloride
transport, another function of CFTR is transport of GSH in a nucleotidedependent manner [141]. This observation suggests that CFTR plays a role
in the control of oxidative stress. Indeed, several studies in patients, mice
and cell lines have shown that GSH levels are lower in case of defective CFTR
function.
BCRP
BCRP localisation and function
BCRP (ABCG2) is the breast cancer resistance protein (BCRP), located on
chromosome 4q22. BCRP is a half-transporter that probably acts as a homoor heterodimer [142] and is involved in resistance against toxins and several
chemotherapeutic agents (e.g. mitoxantrone and topoisomerase 1 inhibitors)
[143, 144]. Protein levels of BCRP in the lung are lower than P-gp and MRP1
but distinct in the epithelial cell layer and in seromucinous glands (Figure 1)
[4]. BCRP was absent in alveolar macrophages, suggesting that BCRP does
not play a major role in innate inﬂammatory responses in the lung. Small
endothelial capillaries also stain positive for BCRP, thus BCRP may protect
the lungs against noxious compounds that enter systemically.
BCRP in tumours
In a study of untreated solid lung tumours, i.e. squamous cell carcinoma
(n=5), adenocarcinoma (n=2) and SCLC (n=3), most cases expressed
moderate or strong BCRP [145]. In addition, higher BCRP expression in blood
vessels was observed than in vessels of the surrounding tumour, indicating
that BCRP may play a role in tumour angiogenesis. In 72 cases of advanced
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NSCLC, BCRP expression, but not P-gp, MRP1, MRP2 and MRP3, predicted
poor clinical outcome [146].
BCRP in animal models
Bcrp knock-out mice do not display any abnormalities compared to wild-type
mice under normal conditions, except for the colour of their bile which is red
instead of yellow on certain diets [147]. However, these mice appear to be
extremely sensitive to the phototoxin pheophorbide A, showing that BCRP is
important to protect against toxic food components. Abnormalities of lungs
in Bcrp (-/-) mice have not been reported thus far. Recently, Bcrp1 (Bcrp in
the mouse is also called Bcrp1) localisation in the lung of 4- to 8-week old
C57Bl/6J mice was studied to identify lung stem cells. These cells possess
high activity of efﬂux of Hoechst dye that is transported by Bcrp1 [148].
In peripheral blood and bone marrow, cells with side population activity
represent BCRP positive (haematopoietic) stem cells and this might also be
the case for side population cells in the lungs. Indeed, Bcrp1 (-/-) mice did not
display side population cells as shown by Hoechst staining of lung digests.
In parafﬁn-embedded tissue sections, Bcrp1 was restricted to smooth muscle
cells (of both arteries and airways) and a subpopulation of unidentiﬁed round
cells in the alveolar space but not detectable in endothelial or epithelial cells.
BAL cells of mice were Bcrp1 positive, but did not display side population
(SP) activity [148]. Clara cells, a nonciliated bronchiolar epithelial cell type,
were also phenotypically described to possess stem cell characteristics [149].
Further investigation is required to identify the stem cell pool in the lung in
relation to expression of ABC transporters. Repairing and replacing lost lung
tissue is a research area of promising therapeutic possibilities [150].
ABCA1
The ABCA1 gene is mapped to chromosome 9q31.1. It is the causative gene
in the development of Tangier disease, a disorder of cholesterol transport [8].
The ABCA1 protein controls transport of cholesterol and phospholipids to
apolipoprotein 1 (apoA-1) in alveolar type II cells (Figure 1). Using the siRNA
technique for ABCA1, it was shown that ABCA1 is involved in basolateral
transport of surfactant that is activated by oxysterol [151]. Abca1 knockout mice show increased concentrations of cholesterol precursors in lung,
plasma, intestine and faeces [152]. It was demonstrated that there were
major morphologic abnormalities in lungs of these mice, increasing with age.
In 30% of 18 months old mice, lung parenchyma was affected. Lesions were
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characterised by foamy type II pneumocytes with aberrant lamellar bodies,
intraalveolar macrophages and cholesterol clefts [153]. In addition, ABCA7,
a close homologue of ABCA1 was also found to be highly expressed in mouse
lung tissue by Western blot analysis [154].
Chapter 2

ABCA3
The ABCA3 gene is located on chromosome 16p13.3. The function of this
ABC transporter has not been studied in detail but ABCA3 protein is present
in lamellar bodies in human lung alveolar type II cells (Figure 1). Langmann
et al. performed quantitative RT-PCR in 20 human tissues and found ABCA3
to be expressed restrictively in the lung [6]. In a recent study in cell lines, an
association was found between lung cancer and ABCA3 (and also ABCA2)
gene expression by means of quantitative RT-PCR [108].
The high expression of ABCA3 in alveolar type II cells suggests that ABCA3
may play a role in surfactant regulation [155]. Surfactant is important to
lower the surface tension in the air-liquid interphase in alveoli. Indeed, in
patients with surfactant deﬁciency and with severe neonatal lung disease it
was demonstrated that the ABCA3 gene was frequently mutated [9]. ABCA3
mutations were found in 16 out of 21 patients, but polymorphisms (SNPs)
were not found. One mutation was not fatal but was associated with a
chronic lung disorder in a 6-year old patient. Other mutations turned out
to be fatal and these patients died shortly after birth. Electron micrographs
of tissue of patients with surfactant deﬁciency showed abnormal dense
and small lamellar bodies. It was suggested that ABCA3 plays a role in
phospholipid metabolism, since it closely resembles ABCA1 and ABCA4 that
are known to transport phospholipids.

Conclusion
Little is known about the function of ABC transporters that are expressed
in the lung although their overall expression is very high compared to
many other organs [6]. This review shows that ABC transporters in the lung
are not only relevant for relatively rare diseases such as cystic ﬁbrosis,
Tangier disease and surfactant deﬁciency. Preliminary data indicate that
MRP1 expression is lower in COPD patients than in healthy controls.
Mutations and polymorphisms in ABC transporters may have important
clinical consequences for development of lung diseases. However, overlap in
substrate speciﬁcities may be compensatory in cases of malfunction of one
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(or more) transporter(s). Given the complexity of lung architecture, research
on detailed cellular processes is difﬁcult but challenging. Several ABC
transporter deﬁcient animal models have been developed that are of great
value to study the role of these proteins. To date, exposure to cigarette smoke
has never been tested in ABC transporter deﬁcient animal models and would
potentially give interesting information about the role of ABC transporters
in protection against inhaled toxic substances such as present in tobacco
smoke. Cell line models have been used to study transport processes and
pulmonary drug metabolism. The delivery of pulmonary drugs to the site of
action is probably highly dependent on the presence and activity of many
ABC transporters in several cell types in the lung. The ﬁrst barrier after
inhalation is the pulmonary epithelium and transporters in the pulmonary
endothelium may be critical for the delivery of intravenously or orally
administered drugs. Insight in the function of ABC transporters in the lung
may open new ways to facilitate treatment of lung diseases.
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Abstract
Cigarette smoke is the principal risk factor for chronic obstructive pulmonary
disease (COPD). Multidrug resistance (MDR) proteins, such as multidrugresistance-associated protein-1 (MRP1), P-glycoprotein (P-gp) and lungresistance-related protein (LRP) may protect against oxidative stress and
toxic compounds generated by cigarette smoke. Expression of MRP1, P-gp
and LRP was evaluated in bronchial epithelium of two study groups of COPD
patients and their controls, and was associated with disease status and
smoking history. In study group one, MRP1, but not P-gp and LRP expression
was lower (p=0.029) in normal bronchial epithelium of COPD patients (n=11)
compared to healthy controls (n=8). MRP1 expression was high in squamous
metaplastic epithelium. When including expression in squamous metaplastic
cells, MRP1 was still lower in total bronchial epithelium in the COPD group
(p=0.038). In study group two, expression of MRP1, but not of P-gp and LRP,
was lower (p=0.047) in lung tissue of (very) severe COPD (n=10) versus mild
to moderate COPD (n=9) patients. In conclusion, MRP1 expression was lower
in bronchial biopsies of COPD patients than of healthy controls, and was
also lower in patients with severe COPD than with mild/moderate COPD.
Our ﬁndings indicate that diminished MRP1 expression in normal bronchial
epithelium is associated with COPD. The exact role in COPD pathogenesis is
to be revealed by further functional studies.
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Chronic obstructive pulmonary disease (COPD) is characterized by the
presence of progressive, mainly irreversible airﬂow limitation due to chronic
bronchitis or emphysema. Cigarette smoking, which causes oxidative stress
in the lungs by production of free radicals [11, 14], is the principal risk
factor to develop COPD. An oxidant/antioxidant imbalance is considered to
be an important factor in the pathogenesis of COPD [13]. Airway epithelium
together with alveolar macrophages belong to the ﬁrst line of defense against
inhaled toxic substances. It is not clear which factors protect against
exposure of bronchial epithelium to exogenous toxic agents, such as present
in cigarette smoke.
Over the past decade oncological studies aiming to elucidate
mechanisms of cytostatic drug resistance have identiﬁed some molecules
pivotal to protect cells against xenobiotics. Tumor cells that are resistant
to a certain cytostatic drug are often also resistant to other structurally
and functionally unrelated natural product drugs. This feature is termed
multidrug resistance (MDR). Many MDR-related proteins can act as cellular
efﬂux pumps, resulting in decreased intracellular concentrations of drugs at
the site of action. Several MDR mechanisms have been identiﬁed, mediated
by members of the ‘ATP-binding cassette’ (ABC) transporter superfamily,
e.g. multidrug resistance-associated protein 1 (MRP1) and P-glycoprotein
(P-gp, encoded by the MDR1 gene) [2, 9]. MRP1 can transport glutathione
(GSH)-conjugates such as the inﬂammatory mediator leukotriene C4, as
well as substrates in the presence of GSH, thereby decreasing intracellular
concentrations of toxic compounds [7]. P-gp efﬂuxes toxic compounds out of
cells and is present in for example apical membranes in the liver, intestine
and kidney. Another protein associated with MDR is lung resistance-related
protein (LRP), the human major vault protein. Vaults are cytosolic structures
that may compartmentalise drugs to protect intracellular target [4, 18, 19].
Limited data is available on MDR proteins in normal lung tissue
[22]. Immunohistochemical studies have shown the presence of MRP1, Pgp and LRP in normal bronchial epithelium [1, 17, 24]. MRP1 mRNA was
ﬁrst detected in small cell lung cancer (SCLC) and is highly expressed in
normal human lung [2, 8, 21]. Here, MRP1 expression may be pivotal in
the protection against oxidative stress generated by e.g. cigarette smoke
by exporting GSH-conjugates or substances in the presence of GSH out of
cells. Reduced GSH is one of the major antioxidants in the lung. It is present
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in high levels in each cell and in epithelial lining ﬂuid [12]. Beside its role
in MDR, lower MRP1 transcript levels were found to be associated with
more severe disease in cystic ﬁbrosis patients who have defective function
of the ABC transporter CFTR (cystic ﬁbrosis transmembrane conductance
regulator) [3].
In the present study we investigated whether altered expression of
MRP1 or other MDR-related proteins is associated with COPD. As a ﬁrst step
to elucidate this, the expression and localization of MRP1, P-gp and LRP in
bronchial epithelium was studied in COPD patients and healthy controls
using immunohistochemistry. We primarily analyzed the normal epithelium
component (basal, ciliated and goblet cells). In addition, the expression in
areas with squamous metaplasia was evaluated. Furthermore, we assessed
whether expression of these proteins was associated with disease status and
smoking history.

Methods
Patients and healthy controls
The characteristics of the participating COPD patients and healthy controls
of two study groups are listed in Table 1. In both studies, patients with
atopy, asthma and other pulmonary diseases were excluded. Classiﬁcation of
patients was deﬁned according to the global initiative for chronic obstructive
lung disease (GOLD) criteria [10]. The local medical ethics committee for
human studies approved the protocols. Informed written consent was
obtained from the participating subjects.
Study group one: COPD and healthy ex-smokers
Bronchial biopsies (frozen tissue) were collected from 26 individuals, who
were classiﬁed in two groups based on clinical data and smoking history
as described previously [15] (Table 1). In brief, this study consisted of 15
COPD patients (11 moderate and 4 severe COPD), and 11 healthy subjects
(no history of pulmonary disease and normal lung function) with similar
packyears. All had quitted smoking for at least one year (on average 14
years). Inhaled corticosteroids were discontinued at least one month prior
to the study and patients treated with oral corticosteroids or antibiotics or
having had a respiratory tract infection in the month prior to the study were
excluded.
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Study group two: mild to very severe COPD patients
Lung tissue (frozen tissue) was obtained from surgical procedures in 21
individuals as described previously [23]. In brief, patients were classiﬁed
in two groups primarily based on clinical data (lung function) which was
conﬁrmed by routine histological examination of lung tissue (Table 1). The
ﬁrst group (n=12) consisted of patients with severe and very severe COPD,
resected for unilateral or bilateral lung transplantation with severe airway
Chapter 3

obstruction (FEV1 10-45% predicted, FEV1/VC 14-56%). The second group
(n=9) comprised lung tissue obtained from patients with mild to moderate
COPD (FEV1 52-101% predicted, FEV1/VC 36-75%), undergoing therapeutic
partial resection, (bi)lobectomy or pneumonectomy for pulmonary carcinoma.
Lung tissue distant from the tumor (when possible from non-involved
lobes) was selected for our studies. Both groups comprised current- and exsmokers.
Immunohistochemistry
The anti-P-gp monoclonal antibody C219 was purchased from Alexis (San
Diego, CA) and used in the recommended dilution. All other monoclonal
antibodies used were produced by our group and immunohistochemical
methods were described earlier (R.J.S. and G.L.S.) [16, 20]. We used antibody
MRPr1 for MRP1, C219 for P-gp and LRP56 for LRP. For positive controls
normal human lung (MRP1, LRP) or liver (P-gp) were stained and for negative
controls irrelevant antibodies were used. All biopsies and lung tissues of each
study were stained in one procedure for the particular antigen.
Evaluation of immunohistochemistry on bronchial biopsies and lung
tissue
All proteins were scored for intensity of staining in bronchial epithelial cells
(i.e. basal, ciliated and goblet cells) with a semiquantitative score: 0 = no
staining; 1 = weak; 2 = moderate; 3 = strong. When squamous metaplasia
was present in a biopsy, evaluation of metaplasia staining was performed
separately from normal bronchial epithelium in the same biopsy. Groups
were compared both by including and excluding the scored values for the
metaplastic epithelium. Special attention was paid to cellular localization
of expression. Two observers (W.T. and M.D.) performed all evaluations of
bronchial biopsies and lung tissues individually, in a blinded fashion. Most
sections stained variable for MRP1, P-gp or LRP in epithelium and parts with
the most intense staining were evaluated for scoring.
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Table 1. Characteristics of study groups
Study 1
COPD

Study 2
Healthy

(moderate and severe)
Number of individuals
Gender (M/F)
Age (years ± SD)

COPD

COPD

(very severe and severe)

(mild and moderate)

15

11

12

9

11/4

8/3

5/7

7/2

64 ± 7

58 ± 8

48 ± 7

66 ± 7

Smoking (packyears ± SD)

34 ± 17

25 ± 15

23± 12

40 ± 10

FEV1 (% predicted ± SD)

58 ± 14

104 ± 11

20 ± 10

75 ± 18

49 ± 9

75 ± 4

25 ± 11

58 ± 13

FEV1/VC (% ± SD)

Mild, moderate, severe and very severe COPD defined by the Global Initiative for Chronic Obstructive Lung Disease [10]
FEV1 Forced expiratory volume in one second, VC vital capacity, SD standard deviation

Some biopsies and lung tissues had to be excluded for further
analysis because of limited quality of the tissue section, resulting in different
numbers of individuals per staining.
Statistical evaluation
Differences in intensity of expression in the immunohistochemical staining
between groups were analyzed using non-parametric Mann Whitney U tests
(two-tailed). Correlations between variables were evaluated with Spearman’s
rank correlation test (two-tailed). Values of p<0.05 were considered
statistically signiﬁcant. Statistical analyses were performed with SPSS 10
(SPSS Inc., Chicago).

Results
Study group one: COPD and healthy ex-smokers
MRP1 expression was lower in normal bronchial epithelium of COPD
patients (n=11) compared to healthy controls (n=8) (p=0.029; Figure 1). Pgp expression was very low to absent in both COPD patients and controls
and LRP expression was variable. P-gp as well as LRP expression in COPD
patients was not different from healthy controls (Fig 1B and C.).
MRP1 was mainly present in basal cell layers of normal bronchial
epithelium of both COPD patients and healthy controls. Representative
pictures of MRP1 staining in normal bronchial epithelium of a COPD patient
and a healthy control are shown in Figure 2A and 2B. P-gp was located
at the apical side of bronchial epithelium. LRP was usually present in the
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Figure 1. (A) MRP1 intensities in normal
bronchial epithelium of patients with COPD
and healthy controls. There was a lower
expression (p=0.029) in patients with COPD
(n=11) compared to healthy controls (n=8).
(B) Similar comparison for P-gp, and (C)
for LRP. P-gp expression is low or absent,
and both P-gp and LRP do not show any
difference between COPD and healthy
controls.

p = 0.029

Healthy

N.S.

�

normal epithelium

P-gp intensity

3

2

1

0
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3

2

1

0
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Figure 2. Immunohistochemical staining of MRP1, P-gp and LRP in bronchial biopsies or
lung tissue of COPD patients and healthy controls. Staining in bronchial biopsies of (A) MRP1
(weak expression) in normal epithelium of COPD patient (B) MRP1 (high expression) in normal
epithelium of healthy control (C) MRP1 (high expression) in metaplastic epithelium of COPD
patient. Representative staining of (D) MRP1 (E) P-gp and (F) LRP tissue in lung tissue of
COPD patients. (G) Negative control, employing non-relevant species (rat) and isotype matched
monoclonal antibody LMR42. (H) Positive control for MRP1 staining of GLC4/ADR small cell
carcinoma cell line.
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Figure 3. MRP1 intensities in lung tissue of patients with COPD. There was a lower expression
(p=0.047) in patients with severe and very severe COPD (n=10) compared to patients with mild
and moderate COPD (n=9).

cytoplasm of all epithelial layers. In general, areas with squamous metaplasia

stained moderately or strongly for MRP1 with the most intense staining in
suprabasal cells (Figure 2C), while P-gp staining was absent in these areas.
When intense MRP1 staining in metaplastic epithelium was included in the
analysis (metaplasia in COPD: 4 out of 11; metaplasia in controls: 3 out of 8),
MRP1 expression was still signiﬁcantly lower in the COPD group (p=0.038).
MRP1, P-gp and LRP expression was not related to lung function
parameters or number of packyears in the combined COPD and healthy
control group.
Study group two: mild to very severe COPD patients
MRP1 expression was lower in the group with (very) severe COPD (n=10)
compared to mild and moderate COPD (n=9) (p=0.047) (Figure 3). P-gp and
LRP expression was not different between groups.
MRP1 in the lower airways was mainly detected at the basolateral
membranes of bronchial epithelial cells, as it is in bronchial biopsies (Figure
2D). The strongest expression of P-gp was in the cilia (Figure 2E). LRP
staining was expressed in all epithelial layers with a very intense staining in
the cytoplasm of cells at the luminal side (Figure 2F). Metaplastic epithelium
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was not detected in these lower airways.
MRP1, P-gp and LRP expression was not related to lung function
parameters or number of packyears in the combined mild to very severe
COPD group.

Discussion
The present study describes for the ﬁrst time a diminished MRP1 expression
in bronchial epithelium of carefully characterized COPD patients with
moderate to severe disease (FEV1 ranging from 36 to 79% predicted)
compared to healthy controls, all ex-smokers with similar packyears of
cigarette smoking and duration of smoking cessation (study group one). A
similar observation was found in airway sections of patients with severe or
very severe COPD (FEV1 20±10% predicted) compared to patients with mild to
moderate COPD (FEV1 75±18% predicted) (study group two).
We detected a predominantly high MRP1 expression in squamous
metaplastic epithelium, especially in suprabasal cells. Exposure of bronchial
epithelium to cigarette smoke causes squamous metaplasia and therefore,
the higher expression of MRP1 as observed in metaplastic epithelium may
be a result of smoking and may have important clinical consequences in
oxidative defense. It might represent an ultimate attempt to resist the toxic
effect after repeated cigarette smoke exposure. In our study, the number of
packyears did not correlate with MRP1, P-gp and LRP expression in bronchial
epithelium, suggesting that the cumulative amount of cigarettes smoked does
not inﬂuence the diminished MRP1 expression in COPD.
MDR-related proteins such as MRP1 and P-gp are highly expressed
in normal human airways but the function of these proteins in the lung is
unknown [1, 5, 17, 22]. In a previous study, we observed high MRP1, Pgp and LRP expression and lower BCRP (breast cancer resistance protein)
expression in bronchial and bronchiolar epithelium of normal human and
murine lung [17]. MRP2, MRP3 and MDR3 P-gp were either undetectable
or were present in very low levels in these lung tissues. The normal
physiological role of MDR proteins is detoxiﬁcation of toxic substances in the
body. The high expression of MRP1, P-gp and LRP in the lung may therefore
indicate that these proteins play distinct roles in the protection against
inhaled toxic substances.
The MRP1 protein, together with GSH, can play an important role in
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the antioxidant defense of epithelial cells and in handling the redox status
of a cell. A recent study identiﬁed MRP1 dependent transport of a tobaccospeciﬁc carcinogen (NNAL-O-glucuronide) in the presence of GSH [6]. This
suggests that MRP1 plays an important role in protection against lung cancer
inducing agents as present in cigarette smoke.
At present it is unclear whether the lower expression level of MRP1 in
COPD is implied in a cause or effect relationship. The reduced expression of
MRP1 might be associated with increased vulnerability for COPD (“cause”), as
this lower MRP1 may result in impaired antioxidant defense and in impaired
clearance of xenobiotics such as cigarette smoke. Alternatively, MRP1 may be
downregulated concurrent with development of COPD (“effect”). Functional
studies of MRP1 in epithelial cells of COPD patients should shed further light
on the role of MRP1 in COPD pathogenesis.

Conclusions
MRP1 expression in bronchial biopsies of COPD patients was lower compared
to healthy controls. In addition, MRP1 expression was lower in patients with
(very) severe COPD compared to mild and moderate COPD. Our ﬁndings
indicate that diminished MRP1 expression in normal bronchial epithelium is
associated with COPD. The exact role in COPD pathogenesis is to be revealed
by further functional studies.
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Abstract
Objective: Smoking is the principal risk factor for development of chronic
obstructive pulmonary disease (COPD). Multidrug resistance-associated
protein 1 (MRP1) is cytoprotective against oxidative stress and xenobiotics
and is highly expressed in normal bronchial epithelium. We questioned
whether MRP1 expression is lower in epithelium of COPD lung compared to
healthy donor lung.
Methods: Primary bronchial epithelial cells were isolated from airway
wall brushes of six patients with severe COPD who underwent lung
transplantation. Two brushes were obtained of every patient, one from
the donor and one from the native part of the bronchus. MRP1 mRNA
was measured by quantitative RT-PCR (n=4), MRP1 mediated activity by
functional FACS analysis (n=6).
Results: MRP1 mRNA levels were higher in epithelial cells of the donor than
native COPD bronchus (p=0.023). In four out of six cases, MRP1 activity was
higher in epithelial cells from the donor bronchus. MRP1 expression in the
donor and the native epithelial brushes correlated well for both mRNA levels
and MRP1 activity (r=0.97, p=0.027 and r=0.94, p=0.005 respectively).
Conclusion: MRP1 expression is higher in bronchial epithelial cells of
healthy donor bronchus compared to the native COPD bronchus after
lung transplantation. Further studies are required whether MRP1 plays a
protective role against development of COPD.
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Smoking generates oxidative stress in the lung and is the principal risk factor
for development of chronic obstructive pulmonary disease (COPD). Proteins
of the ATP-binding cassette (ABC) superfamily such as the multidrug
resistance-associated protein 1 (MRP1) protect against oxidative stress
and xenobiotics [1]. Especially MRP1 is extensively expressed in human
lung, mainly at the basolateral side of bronchial epithelial cells [2-4]. We
observed that MRP1 expression is lower in bronchial epithelial cells of COPD
patients compared to healthy ex-smokers [5]. In the present pilot study, we
questioned whether MRP1 transcriptional expression levels and functional
MRP1 mediated transport differs between bronchial epithelial cells in the
airways of healthy donor lung and severe COPD. We analyzed airway wall
brushes of patients with severe COPD following lung transplantation. This
setting offers the opportunity to compare epithelial cells of the airway wall in
a healthy donor lung and a lung of a COPD patient in the same individual,
independent of external factors such as present use of medication that might
otherwise inﬂuence MRP1 functional expression.

Patients and methods
Six lung transplant recipients with severe COPD were included (for
characteristics see Table 1). Bronchoscopy was performed as scheduled
for routine reasons, i.e. follow-up after lung transplantation or on clinical
indication. Primary bronchial epithelial cells were collected from two brushes,
one proximal and one distal to the suture between transplant and donor
tissue. Cells were cultured for two passages in bronchial epithelial growth
medium (BEGM) (Cambrex Corporation, The Netherlands) and grown on
tissue culture plastics coated with Vitrogen (Nutacon, The Netherlands),
ﬁbronectin (Sigma, The Netherlands) and bovine serum albumin (Merck, The
Netherlands). The protocol was approved by the Medical Ethics Committee
and all patients gave informed consent. All patients quitted smoking at least
2 years before lung transplantation and received as immunosuppressants
prednisolone and tacrolimus after lung transplantation; 4 patients (# 1, 2,
4 and 5) were treated with azathioprine. Three out of six COPD patients had
a proven mutation in the alpha1-antitrypsin (AAT) gene, the others were
negative for mutation in this gene.
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Table 1. Characteristics of patients with severe COPD who underwent lung
transplantation.
Patient

Diagnosis

Age

Packyears

Analysis

1

COPD

54

22

qPCR/FACS

2

COPD

55

20

qPCR/FACS

3

COPD (AAT)

47

3

qPCR/FACS

4

COPD (AAT)

59

5

qPCR/FACS

5

COPD

56

5

FACS

6

COPD (AAT)

58

13

FACS

Abbreviations: COPD, chronic obstructive pulmonary disease; AAT, alpha1-antitrypsin deficiency; qPCR,
quantitative polymerase chain reaction; FACS, fluorescent activated cell sorter.

Total RNA was isolated and analysed for MRP1 mRNA expression
with quantitative reverse transcriptase polymerase chain reaction (RTPCR). Glyceraldehyde-3-phosphate dehydrogenase (GADPH) mRNA served
as internal control. To determine MRP1 mediated transport, 1 x 106 cells
were incubated with 0.1 µM carboxyﬂuorescein diacetate (CFDA, which is
converted to CF, a ﬂuorescent MRP1 substrate) as described previously
[6]. After 2 hours incubation, ﬂuorescence of CF was analysed with a
FACSCaliburTM ﬂow cytometer to determine the mean ﬂuorescence intensity
(MFI).
Differences between MRP1 activity and expression between donor
and native bronchial cells were tested with the paired Student’s t-test,
correlations were tested with the Pearson test. Statistical analyses were
performed with SPSS 10 (SPSS Inc., Chicago, IL).

Results
Relative MRP1 mRNA levels were higher in bronchial epithelial cells of the
donor than of the native airway in 4 evaluable subjects (p=0.023) (Figure 1).
One patient could not be analysed because of insufﬁcient cell recovery, the
other due to poor RNA quality of the donor location of the bronchus (Table
1). MRP1 mediated activity was higher in 4 out of 6 brushes from the donor
location compared to the native part. This difference was not signiﬁcant in
the whole group (p=0.186) (Figure 2). In one patient, CF accumulation was
the same in donor and native bronchial epithelial cells and in one patient CF
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Figure 1. MRP1 mRNA levels (relative to GAPDH values) in primary bronchial epithelial cells
from brushes of the native and donor part of the bronchus of four patients transplanted because
of severe COPD. Pt: patient; AAT: alpha1-antitrypsin deﬁciency.

accumulation was higher in donor than in native bronchial epithelial cells.
There was a strong correlation between MRP1 mRNA levels in epithelial cells
from brushes of native and donor bronchi (Pearson r=0.97, p=0.027). Also,
MRP1 mediated activity of epithelial cells in brushes of the native bronchi
correlated signiﬁcantly with that of the donor bronchi (r=0.94, p=0.005).

Discussion
These results demonstrate for the ﬁrst time a higher MRP1 level in
transplanted “healthy” bronchial epithelial cells compared to the native
epithelial cells from patients with severe COPD, yet derived from the same
lung transplant recipient. Thus our results support the hypothesis that lower
expression or function of MRP1 is related to COPD [2, 5]. This new ﬁnding
is worth to explore in larger patient studies and in other lung diseases as
well. Factors that may otherwise have a substantial inﬂuence on MRP1
activity e.g. current smoking, air pollutants, and drug treatments [7, 8]
can be excluded as confounders in our study, since they have most likely
similar effects in brushes of the same individual. Though interindividual
differences exist, both the MRP1 mRNA levels and activities correlated well
between donor and native brushes of the same patients. This suggests that

71

Chapter four
p = 0.186

350

Pt 1
Pt 2
Pt 3 (AAT)
Pt 4 (AAT)
Pt 5
Pt 6 (AAT)

CF accumulation (MFI)

300

250

200
100

50

0

Native lung

Donor lung

Figure 2. MRP1 activity in primary bronchial epithelial cells from brushes of the native and
donor part of the bronchus of six patients transplanted because of severe COPD. Pt: patient;
AAT: alpha1-antitrypsin deﬁciency; CF: carboxyﬂuorescein; MFI: mean ﬂuorescence intensity.

external factors, e.g. smoke exposure or use of medication, may indeed have
inﬂuenced these interindividual differences.
Three out of six COPD patients had a mutation in the AAT gene,
which is strongly related to emphysema. There is no information available
about a possible relationship between MRP1 and AAT. The frequency of
the most common mutation of AAT, the Z-allele, occurs in 95% of all cases
with AAT-related emphysema. The consequence is that AAT cannot be
excreted and accumulates in hepatocytes and in bronchial cells [9]. It can be
speculated that this has a direct or indirect inﬂuence on MRP1 expression
or function by e.g. altered pH or higher expression of proteolytic enzymes
(like e.g. mannosidase I) that cleave glycosylated proteins such as AAT
and possibly MRP1 as well. Thus, the deﬁciency of AAT may affect MRP1
functional activity and this may contribute to the severity of emphysema.
In conclusion, MRP1 levels are higher in bronchial epithelial cells
of healthy donor bronchus compared to the native part of the bronchus in
patients with severe COPD who underwent lung transplantation. Further
studies are required to conﬁrm these results in larger patient groups
and especially to explore whether MRP1 plays a protective role against
development of COPD by transporting toxic compounds generated by smoke.
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Abstract
Background: Tobacco smoke is the principal risk factor for chronic
obstructive pulmonary disease (COPD), though the mechanisms of its toxicity
are still unclear. The ABC transporters multidrug resistance-associated
protein 1 (MRP1) and P-glycoprotein (P-gp/MDR1) extrude a wide variety
of toxic substances across cellular membranes and are highly expressed
in bronchial epithelium. Their impaired function may contribute to COPD
development by diminished detoxiﬁcation of noxious compounds in cigarette
smoke.
Methods: We examined whether triple knock-out (TKO) mice lacking the
genes for Mrp1 and Mdr1a/1b are more susceptible to develop COPD features
than their wild-type (WT) littermates. TKO and WT mice (six per group) were
exposed to 2 cigarettes twice daily by nose-only exposure or room air for 6
months. Inﬂammatory inﬁltrates were analyzed in lung sections, cytokines
and chemokines in whole lung homogenates, emphysema by mean linear
intercept. Multiple linear regression analysis with an interaction term was
used to establish the statistical signiﬁcances of differences.
Results: TKO mice had lower levels of interleukin (IL)-7, KC (mouse IL-8), IL12p70, IL-17, TNF-alpha, G-CSF, GM-CSF and MIP-1-alpha than WT mice
independent of smoke exposure (P<0.05). IL-1-alpha, IL-6, IL-8, IL-13, IL17, TNF-alpha, G-CSF, GM-CSF and MCP-1 increased after smoke exposure
in both groups, but the increase in IL-8 was lower in TKO than WT mice
(P<0.05) with a same trend for G-CSF (P<0.10). Smoke-induced increase in
pulmonary inﬂammatory cells in WT mice was almost absent in TKO mice.
The mean linear intercept was not different between groups.
Conclusions: Mrp1/Mdr1a/1b knock-out mice have a reduced inﬂammatory
response to cigarette smoke. In addition, the expression levels of several
cytokines and chemokines were also lower in lungs of Mrp1/Mdr1a/1b
knock-out mice independent of smoke exposure. Further studies are required
to determine whether dysfunction of MRP1 and/or P-gp contribute to the
pathogenesis of COPD.
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Tobacco smoke generates oxidative stress in the lungs and is the principal
risk factor for the development of chronic obstructive pulmonary disease
(COPD). Main features of COPD are airway inﬂammation and destruction of
alveolar tissue. Little is known about detoxiﬁcation and elimination processes
of noxious substances present in cigarette smoke. Proteins of the ATPbinding cassette (ABC) superfamily such as multidrug resistance-associated
protein 1 (MRP1) and P-glycoprotein (P-gp, encoded by the MDR1 gene)
protect against oxidative stress, chemotherapeutic drugs and xenobiotics
[1, 2] by transporting a wide variety of toxic substances across cellular
membranes. MRP1 and P-gp are highly expressed in human and mice
lung and are mainly located at the basolateral and apical side of bronchial
epithelium respectively [3, 4]. So far, the function of these ABC transporters
in the lung is unknown [5]. They possibly detoxify carcinogenic compounds
and other noxious gasses and particles present in tobacco smoke [6]. Thus
a defective function may play a role in the pathogenesis of lung cancer and
COPD.
Mrp1 (-/-) and Mdr1a/1b (-/-) mice (in contrast to humans, rodents
have two genes for P-gp, called Mdr1a and Mdr1b), are healthy and fertile
under normal conditions [7, 8]. Mice that lack Mrp1 and both Mdr1a/1b
genes, from here on called triple knock-out (TKO) mice, seem physiologically
normal as well [9]. However, all these knock-out mice are highly sensitive to
several chemotherapeutic drugs. In addition, Mrp1 (-/-) mice display elevated
glutathione levels in tissues that normally have a high MRP1 expression,
e.g. in the lungs [7], possibly as a compensation mechanism for the elevated
pulmonary oxidative stress. Furthermore, these mice have an impaired
inﬂammatory response [10] that is probably due to lower leukotriene
C4 (LTC4, a proinﬂammatory mediator) excretion by macrophages or
granulocytes since LTC4 is a physiologic substrate for MRP1 [11].
We detected lower MRP1 expression in bronchial epithelium of COPD
patients compared to healthy ex-smokers [12]. In the present study, we
investigated whether TKO mice have a different susceptibility to develop
cigarette smoke-induced features of COPD compared to their wild-type (WT)
littermates.
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Methods
Mice
WT male FVB mice were obtained from Harlan (Zeist, the Netherlands). Male
FVB Mrp1/Mdr1a/1b TKO mice were kindly provided by Drs AH Schinkel
and P Borst, the Netherlands Cancer Institute, Amsterdam [13]. Mice were
held at the central animal facility of the University of Groningen. The animals
received standard rodent food (Hope Farms, Woerden, The Netherlands)
and water ad libitum. Experiments were approved by the local committee on
animal experimentation, and were performed under strict governmental and
international guidelines.
Smoke exposure
Mainstream smoke of research cigarettes (type 2R1, University of Kentucky,
KY) was administered by nose-only exposure, which is a model for active
smoking [14]. The smoke exposure system of the University of Kentucky
was used and the system was set up according to instructions of the
manufacturer. Six mice per experimental group were exposed to 2 cigarettes
per session, 10 puffs per cigarette, twice daily for 5 days per week. Sham
control mice were room air-exposed in a separate animal exposure subunit
under similar circumstances.
Preparation of lungs
After 6 months smoke or air exposure, the mice were anesthetized with a
mixture of isoﬂurane, N2O, and oxygen and the trachea were cannulated.
Subsequently, the mice were exsanguinated via the abdominal aorta. The
right lung was ligated and lung lobes were snap-frozen and stored at –80°C.
The left lung was removed, inﬂated and ﬁxed with formalin with a constant
pressure of 25 cm H2O for 24 h. Subsequently, the lung was dissected from
the trachea and embedded in parafﬁn for immunohistochemical evaluation
and morphometrical analysis [15].
Morphometrical measurements of emphysema
Three-micron parafﬁn sections were cut and stained with hematoxylin
and eosin (H&E) according to standard methods. Approximately 25
photomicroscopic images per tissue section were prepared at 2.5x20
magniﬁcations using a standardized sequence of image capturing. Images
with large vessels, conducting airways or pleura occupying 25% or more of
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the total image were not used for the mean linear intercept (Lmi) analysis
which was assessed as a measure of alveolar airspace enlargement by two
independent individuals in a blinded manner [15, 16]. Mean values per
mouse were used for statistical analysis.
Cytokine and chemokine analysis in lung homogenates
One part of frozen lung tissue (17 to 30 mg) of each mouse was homogenized
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in buffer (50 mM Tris-HCl, 150 mM NaCl, 0.002% Tween-20, pH = 7.5) in
10% w/v for 1 to 2 min and subsequently centrifuged for 10 min, 12,000
g at 4°C. Supernatants were stored at –80°C until analysis. Cytokines
and chemokines that might play a role in cellular defense mechanisms
against cigarette smoke or smoke-induced cellular damage were measured
by means of a multiplex Luminex ELISA system (Lincoplex Systems, St
Charles, MO). These included: interleukin (IL)-1α, IL-1β, IL-2, IL-4, IL-5, IL6, IL-7, keratinocyte chemoattractant (KC, murine homologue of IL-8), IL-9,
IL-10, IL-12p70, IL-13, IL-15, IL-17, tumor necrosis factor-alpha (TNFα),
interferon-gamma (IFNγ), granulocyte-colony stimulating factor (G-CSF),
granulocyte-macrophage-colony stimulating factor (GM-CSF), IFN-inducible
protein-10 (IP-10), MCP-1 (monocyte chemoattractant protein-1), macrophage
inﬂammatory protein 1-alpha (MIP1α) and regulated upon activation, normal
T-cell expressed and secreted (RANTES). The concentrations of cytokines and
chemokines were expressed as pg/g total lung tissue.
Immunohistochemical analysis of inﬁltrates in lung tissue
The presence of inﬂammatory cells in parafﬁn embedded lung sections (3 µm)
was evaluated with a semi-quantitative score by counting inﬁltrates in three
sections of every mouse lung. Speciﬁc monoclonal antibodies MAC-3, antiNeutrophil, and B220 (BD Pharmingen, San Jose, CA) were used to detect
the presence of macrophages, neutrophils and B-cells respectively. Detection
of these antibodies was performed using biotin-labeled rabbit-anti-rat
antibodies as the second step and alkaline phosphatase-labeled streptavidin
as the third step. New fuchsin was used as a chromogen and methyl green
for nuclear counterstaining.
Frozen sections were stored at –20°C until use. After thawing,
slides were incubated in acetone for 10 min. Subsequently, sections were
incubated with speciﬁc antibodies for CD3, CD4 and CD8-positive T-cells
(antibodies from BD Pharmingen). Detection of CD4 and CD8 antibodies
was performed using biotin-labeled rabbit-anti-rat antibodies as the second
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Table 1. Cytokines and chemokines in lung homogenates
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step. Anti mouse-CD3 polyclonal serum (from hamster) was detected by
polyclonal biotin-labeled mouse-anti-hamster antibodies (BD Pharmingen)
and the third step was streptavidin-peroxidase complex (Dako, Glostrup,
Denmark). Amino-ethyl carbazole (AEC) (Sigma Aldrich, Zwijndrecht, The
Netherlands) was used as chromogen, and hematoxylin was used for nuclear
counterstaining. All incubation steps were carried out at room temperature.
PBS/1% BSA or irrelevant isotype speciﬁc antibodies were used as negative
controls. Mouse spleen was used as positive control.
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Statistical analysis
All data are expressed as the mean ± SD. Multiple linear regression analysis
with an interaction term was used to establish the statistical signiﬁcances of
differences in terms of genotype (TKO or WT) and cigarette smoke exposure
for each parameter. This method disentangles the separate effects of cigarette
smoke and genotype and their interaction. A signiﬁcant interaction indicates
that the effect of the combination is signiﬁcantly different (larger or smaller)
than the addition of the separate effects of smoke exposure and the genotype.
When the interaction term was signiﬁcant, the regression coefﬁcients of the
separate effects of smoking and of genotype were taken from this model. In
cases of no signiﬁcant interaction, the interaction term was removed from the
analysis and the coefﬁcients were taken from the model with only smoking
and genotype. The normal distribution was tested with a KolmogorovSmirnov test and data were logarithmically transformed when needed to
normalize distributions. A value of P < 0.05 was considered signiﬁcant.
Statistical analyses were performed with SPSS 10 (SPSS Inc, Chicago, IL).

Results
Two sham control mice of the WT group died of unknown cause in the
last month before ending the experiment. Autopsy did not reveal speciﬁc
pathology, in particular no indications of infection. Malignancies were not
observed in lungs of either WT or TKO mice.
Cytokines and chemokines
Levels of IL-7, IL-8, IL-12p70, IL-17, TNFα, G-CSF, GM-CSF and MIP1α in
whole lung homogenates were signiﬁcantly lower in TKO mice than WT mice
independent of smoke exposure (Table 1). After 6 months smoke exposure,
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IL-1α, IL-6, IL-8, IL-13, IL-17, TNFα, G-CSF, GM-CSF and MCP-1 in lungs of
mice were elevated in TKO and WT mice (Table 1). The results of IL-8, G-CSF,
TNFα, and MIP1α measurements are depicted in Figure 1A-D. The increase
of IL-8 in response to smoke was less in TKO mice compared to WT mice (P =
0.047), with a similar trend for G-CSF production (P = 0.096) (Figure 1 and
Table 1, smoke x genotype interaction term).

Figure 1. Cytokine and chemokine levels in lung homogenates after 6 months smoke or air
exposure. (A) IL-8 levels were elevated by cigarette smoke in total group (WT and TKO) of
smokers (P = 0.01). IL-8 levels are higher in the total group (Sm and NSm) of WT mice compared
to TKO mice (P = 0.01). The smoke-induced upregulation of IL-8 in lungs of WT was higher
compared to TKO mice (interaction, P < 0.05). (B) Granulocyte-colony stimulating factor (G-CSF)
levels were elevated by cigarette smoke in total group (WT and TKO) of smokers (P = 0.02). G-CSF
levels are higher in the total group (Sm and NSm) of WT mice compared to TKO mice (P = 0.03).
There was a trend to higher smoke-induced upregulation of G-CSF in lungs of WT compared to
TKO mice (interaction, P < 0.10). (C) TNFα levels were elevated by cigarette smoke in total group
(WT and TKO) of smokers (P = 0.01) and TNFα levels were higher in the total group (Sm and
NSm) of WT mice compared to TKO mice (P = 0.00). There was no difference in upregulation of
smoke-induced TNFα in lungs of WT versus TKO mice (no interaction). (D) MIP1α levels in total
group of smokers compared to non-smokers was not signiﬁcant, but levels are higher in the
total group (Sm and NSm) of WT mice compared to TKO mice (P = 0.00). There was no difference
in smoke-induced upregulation of MIP1α in lungs of WT versus TKO mice (no interaction). WT:
Wild-type; TKO: Mrp1/Mdr1a/1b triple knock-out; Sm: smoker; NSm: non-smoker.
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Evaluation of inﬂammatory cells and emphysema
There were signiﬁcantly lower numbers of lymphoid inﬂammatory cells in
the parafﬁn lung sections of smoke-exposed TKO mice as compared to WT
mice (P = 0.02) (Figure 2). Lymphoid inﬁltrates as well as pigmented (smoke
particles positive) macrophages could be distinguished. Representative
pictures are shown in Figure 3. Almost no inﬁltrates were detected in the
lungs of TKO and WT mice that were not exposed to smoke. The lymphoid
inﬁltrates consisted mainly of B-cells surrounded by CD4 positive and CD8
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positive cells and their relative distribution was comparable between WT and
TKO smoke-exposed mice. Neutrophils were present in very low numbers in
all experimental groups and were not further analyzed.
Mean Lmi values ranged from 18.3 to 23.5 µm (Figure 4). There was
a slight increase of airspace size after 6 months smoke exposure in both
TKO and WT mice. However, no signiﬁcant differences in Lmi values were
measured between the four groups. The body weight of the mice was not
signiﬁcantly different between the groups before and after smoke exposure.

Figure 2. Number of lymphoid inﬁltrates in parafﬁn sections of lungs of WT mice and Mrp1/
Mdr1a/1b TKO mice that were exposed to cigarette smoke or air for 6 months. The number
of smoke-induced lymphoid inﬁltrates in lungs of WT was higher compared to TKO mice
(interaction, P = 0.02). WT: Wild-type; TKO: Mrp1/Mdr1a/1b triple knock-out; Sm: smoker; NSm:
non-smoker.

83

Chapter ﬁve

Figure 3. Histological pictures of parafﬁn sections of lungs of WT mice (A, C and E) and Mrp1/
Mdr1a/1b TKO mice (B, D, and F) that were exposed to cigarette smoke for 6 months. (A, B)
H&E staining of lungs of WT and TKO mice. In WT mice there were markedly more inﬂammatory
inﬁltrates than in lungs of TKO mice. Two types of inﬁltrates could be distinguished in parafﬁn
sections, inﬁltrates mainly consisting of pigmented (smoke particles positive) macrophages
(m) and inﬁltrates mainly consisting of lymphoid (ly) cells. (C, D) Lymphoid inﬁltrates mainly
consisted of B-cells (B220 antibody) which were far more present in lungs of WT mice compared
to TKO mice, see arrows. (E, F) Pigmented macrophages stained positive with speciﬁc antibodies
(Mac-3), and were far more present in lungs of WT mice compared to TKO mice, see arrows.
Scale bar = 25 µM.
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Figure 4. Emphysema measurement with the Lmi method in mice that were exposed to cigarette
smoke or air for 6 months. Parafﬁn sections were stained with H&E and digital images (19 to
32 images per lung) were morphometrically analyzed. No signiﬁcant differences were measured
between the four groups, although a slight increase in airspace size was detected in both WT and
TKO mice that were exposed to smoke. WT: Wild-type; TKO: Mrp1/Mdr1a/1b triple knock-out; Sm:
smoker; NSm: non-smoker; Lmi: mean linear intercept.

Discussion
Our data show that the inﬂammatory response to cigarette smoke exposure
in lungs of Mrp1/Mdr1a/1b TKO mice is reduced as compared to WT mice.
This is illustrated by lower numbers of inﬂammatory cells in lung sections
as well as by lower levels of IL-8 and G-CSF in total lung extracts. This is
the ﬁrst study that reports lower smoke-induced pulmonary inﬂammation
in relation to absence of ABC transporters. In addition, the expression levels
of several cytokines and chemokines were also lower in lungs of TKO mice
independent of smoke exposure.
A possible explanation of the lower inﬂammatory response in TKO
mice is an impaired transport of the pro-inﬂammatory mediator LTC4, an
important physiological high-afﬁnity substrate for MRP1 [10]. In a study
with inoculation of Streptococcus pneumoniae, Mrp1 (-/-) mice displayed a
better survival compared to WT mice. This was accompanied by a lower LTC4
concentration but a higher LTB4 level in bronchoalveolar lavage ﬂuid [17]. In
contrast, the outgrowth of Mycobacterium tuberculosis was enhanced in Mrp1
(-/-) mice [18]. Other interesting observations are that it has been shown
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that MRP1 regulates the migration of dendritic cells by transporting LTC4,
which acts as a chemoattractant for dendritic cells to lymph nodes [19]. The
differentiation of dendritic cells is also dependent on MRP1 function [20].
Furthermore, in Mdr1a (-/-) mice, migration of dendritic cells to draining
lymph nodes is impaired [21]. The above-mentioned observations on dendritic
cells may contribute to the decreased inﬂammatory response following smoke
exposure that we measured in lungs of TKO mice.
IL-8 levels were markedly decreased upon smoke exposure in lungs
of TKO mice. IL-8 is induced by smoking and elevated in lungs of COPD
patients [22]. It is mainly excreted by neutrophils, alveolar macrophages and
epithelial cells and a chemoattractant for neutrophils. This is consistent with
the decrease in number of macrophages that we observed in lung tissue of
TKO mice after smoke exposure. Neutrophils were present in low numbers
in both WT and TKO mice, thus, differences in neutrophil recruitment by
IL-8 to the lungs could not be detected. Intriguingly, IL-8 is known to be
involved in tissue repair reactions [23] and both the IL-8 and G-CSF response
tended to be lower in TKO mice. G-CSF has been reported to promote lung
regeneration as well, supposedly by mobilization of bone marrow derived cells
to alveolar tissue [24]. However, the precise role of IL-8 and G-CSF in COPD
development and/or prevention remains to be investigated. The decreased
excretion of these two cytokines might result in a delayed lung regeneration
mechanism. This question cannot be answered in this study, as 6 months
smoking was not sufﬁcient to induce emphysema in these WT and TKO mice
(see discussion below).
The main question is whether the reduced inﬂammatory response
in TKO mice could be related to the development of COPD. In a longitudinal
study, we recently reported that COPD patients who stopped smoking had an
increase in inﬂammatory cells in induced sputum and we hypothesized that
this might actually be beneﬁcial by augmenting the defense capacity [25].
Therefore, the decrease in inﬂammatory response in TKO mice in our current
study could be detrimental instead of beneﬁcial, but we currently have no
further data to support this hypothesis.
We have previously detected lower MRP1 expression in bronchial
epithelium of COPD patients compared to healthy matched controls who
were all ex-smokers [12]. These results support our original hypothesis
that lower expression is associated with COPD development and hence we
anticipated more detrimental effects of cigarette smoke in Mrp1 knock-out
or Mrp1/Mdr1a/1b TKO mice. Further support for this hypothesis comes
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from studies with NRF2 (nuclear factor-E2 p45-related factor). NRF2, a
transcription factor for many genes that play a role in antioxidant defense
and detoxiﬁcation processes, was recently also identiﬁed as a transcription
factor for MRP1 [26]. Interestingly, the onset of cigarette smoke-induced
emphysema was earlier and the extent of emphysema was more severe in
Nrf2 (-/-) mice than in wild-type mice [27]. The number of inﬂammatory cells
(mainly macrophages) in bronchoalveolar lavage ﬂuid and lung tissue was
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higher in Nrf2 (-/-) mice. The absence of only the two proteins Mrp1 and P-gp
in our knock-out model compared to the absence of the transcription factor
NRF2 that regulates many genes involved in oxidative defense, may explain
differences in outcome of this study and ours.
The smoke induced pulmonary inﬁltrates consisted of B-cells
surrounded by T-cells and macrophages. Hogg et al. observed such follicles
in the small airways of humans with COPD [28] and we described these
B-cell follicles in our smoking mouse model of emphysema and in lung
parenchyma of patients with COPD [15]. We hypothesized that these B-cells
secrete antibodies directed against extracellular matrix proteins or tobacco
smoke components but the source of the antigen(s) remains to be elucidated.
D’hulst and colleagues have recently shown smoke-induced emphysema
in SCID mice [29]. They suggested that functional B- and T-cells are not
required to induce emphysema but, as they also point out, this does not
exclude the possibility that the lymphoid follicles could contribute to loss of
alveolar tissue and the decline in lung function in COPD patients.
We did not observe emphysema in both WT and TKO mice after 6
months of smoke exposure. With the same smoke exposure protocol, we have
successfully induced emphysema in C57BL/6J mice [15]. Possibly, FVB mice
are more resistant to smoke-induced emphysema than C57BL/6J mice, as
differences in vulnerability are known to occur between mouse strains [30,
31]. To measure differences in alveolar destruction or lung cancer, smoke
exposure for a longer period of time or higher smoke doses may be required.
We questioned whether the lack of Mrp1/Mdr1a/1b would be
compensated for by induction of expression of other MDR proteins of the
ATP-binding cassette family i.e. Mrp2, 3, 4, 5, 6, 9 and breast cancer
resistance protein (Bcrp). The immunohistochemical expression of these
transporters was low or absent, except for Mrp3 which was expressed at the
apical side of bronchial eptihelium of FVB mice, however, this may be due to
an aberrant staining of this antibody (M3II-2) as other antibodies for Mrp3
were negative in human and mice lung tissue [4]. We observed no differences
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in expression of all these transporters in Mrp1/Mdr1a/1b triple knock-out
mice compared to wild-type mice, nor did we observe effects of smoking on
expression of Mrp1 and P-gp in WT mice or on all other analyzed transporter
proteins in lungs of both WT and TKO mice (data not shown). These results
indicate that indeed Mrp1 and P-gp are the most important transporters
present in the lung and that cigarette smoke exposure did not up- or
downregulate expression of MDR proteins.
Conclusions
The pulmonary inﬂammatory response to inhalation of cigarette smoke is
reduced when Mrp1 and both genes for P-gp are nonfunctional. This includes
in particular a poor ability for smoke-induced IL-8 (and G-CSF) production in
Mrp1/Mdr1a/1b TKO mice compared to WT mice and altogether, this leads
to almost complete absence of inﬂammatory cells in response to cigarette
smoke. An impaired function of MRP1 and/or P-gp may result in insufﬁcient
clearance of noxious matter as well. Further research should clarify whether
there is a relation between a reduced inﬂammatory response and impaired
tissue repair and thus to an increased risk of developing COPD.
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Abstract
Cigarette smoke is the principal risk factor for development of chronic
obstructive pulmonary disease (COPD). Multidrug resistance-associated
protein 1 (MRP1) is a member of the ATP-binding cassette (ABC) superfamily
of transporters which transport physiologic and toxic substrates across cell
membranes. MRP1 is highly expressed in lung epithelium. This study aims
to analyze the effect of cigarette smoke extract (CSE) on MRP1 activity. In the
human bronchial epithelial cell line 16HBE14o- MRP1 function was studied
ﬂowcytometrically by cellular retention of carboxyﬂuorescein (CF) after CSE
incubation and MRP1 down regulation by RNA interference (siRNA). Cell
survival was measured by MTT assay.
Immunocytochemically it was shown that 16HBE14o- expressed
MRP1 and breast cancer resistance protein. CSE increased cellular CF
retention dose dependently from 1.7 fold at 5% CSE to 10.3 fold at 40% CSE
(both p<0.05). SiRNA reduced MRP1 RNA expression with 49% and increased
CF accumulation 67% versus control transfected cells.
CSE exposure further increased CF retention 24% (p=0.031). A linear
positive relation between MRP1 function and CSE modulating effects (r=0.99,
p=0.089) was shown in untransfected, control transfected and MRP1 down
regulated 16HBE14o- cells analogous to blocking effects with MRP1 inhibitor
MK571 (r=0.99, p=0.034). Co-incubation of CSE IC50 (1.53% ± 0.22%) with
MK571 further decreased cell survival 31% (p=0.018). In conclusion, cigarette
smoke extract inhibits MRP1 activity probably competitively in bronchial
epithelial cells. Inhibition of MRP1 in turn results in higher CSE toxicity. We
propose that MRP1 may be a protective protein for COPD development.
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Introduction
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Cigarette smoking generates oxidative stress in the lung and is the principal
risk factor for development of chronic obstructive pulmonary disease (COPD)
and lung cancer [1, 2]. However, only 15 to 20% of all smokers will develop
COPD [3]. We observed a reduced multidrug resistance-associated protein
1 (MRP1) expression in bronchial epithelial cells of COPD patients [4].
Proteins of the ATP-binding cassette (ABC) superfamily such as multidrug
resistance associated protein (MRP1), P-glycoprotein (P-gp) and breast cancer
resistance protein (BCRP) protect against oxidative stress, chemotherapeutic
drugs or xenobiotics by extruding toxic substances out of cells [5-10]. These
efﬂux pumps have drawn a lot of attention in cancer research as their
overexpression can cause multidrug resistance (MDR) for chemotherapeutic
drugs in tumor cells.
Organs that need a barrier function such as the lung and
gastrointestinal tract express high levels of several ABC transporters [11].
Of all described MDR proteins, the expression of MRP1 is high in the lung,
especially at the basolateral side of bronchial epithelium [12, 13]. MRP1
transports glutathione-, glucuronide-, and sulfate-conjugated organic
anions [6, 14]. Physiological substrates for MRP1 are e.g. leukotriene C4
and glutathione disulphide [15,16]. MRP1 can assist in the clearance of
toxins entering from the lumenal or interstitial side of the airways into the
interstitial ﬂuid [17].
Cigarette smoke is a complex mixture of several thousands of
compounds. Little is known about detoxiﬁcation and elimination processes
of noxious substances present in cigarette smoke. It can contain several
compounds, or form metabolites, that are substrates for MRP1 and thus
competitively affect MRP1 function. For instance, the tobacco-derived 4(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)-O-glucuronide has been
identiﬁed as an MRP1 substrate that requires glutathione for transport [18].
In the present study, the role of MRP1 in the cytotoxicity of cigarette
smoke extract (CSE) was evaluated in the human bronchial epithelial cell line
16HBE14o- by co incubation with an MRP1 inhibitor. The cellular retention
of the commonly-used MRP1 substrate carboxyﬂuorescein (CF) combined
with an MRP1 inhibitor or with MRP1 down regulation by RNA interference
was used to study the effect of CSE on MRP1 function.
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Material and Methods
Chemicals, media and reagents
Bovine serum albumin (BSA) fraction V, MEM supplemented with Earle’s
salts and L-glutamine, Oligofectamine, OptiMEM with GlutaMAX, RPMI
1640 medium (supplemented with 25 mM Hepes and L-glutamine) and
Trizol were purchased from Invitrogen Life Technologies (Breda, The
Netherlands). Carboxyﬂuorescein diacetate (CFDA), thiazolyl blue tetrazolium
bromide (MTT) and propidium iodide (PI) were obtained from Sigma-Aldrich
BV (Zwijndrecht, The Netherlands), DNase-I from Roche Diagnostics
(Mannheim, Germany), doxorubicin-HCl from Pharmachemie BV (Haarlem,
The Netherlands), EDTA from Merck, (Darmstadt, Germany) and foetal calf
serum (FCS) from Bodinco BV (Alkmaar, The Netherlands). Fumitremorgin C
(FTC) was kindly provided by Dr SE Bates (NCI, Bethesda, MD). MK571 was
purchased from Omnilabo (Breda, The Netherlands), PSC833 from Novartis
(Basel, Switzerland), the qPCR core kit from Eurogentec (Seraing, Belgium),
the RNeasy kit from Qiagen (Venlo, The Netherlands) and Vitrogen from
Nutacon (Leimuiden, The Netherlands).
The monoclonal antibodies MRPr1 (anti-MRP1) [19], M2I4, M2II12,
M2III5, M2III6 (anti-MRP2) [19], M3II2, M3II18 (anti-MRP3) [20], M4I10 (antiMRP4) [21], M5I1, M5II54 (anti-MRP5) [19] and BXP-21 (anti-BCRP) [22] were
kindly provided by Dr G.L. Scheffer, VUMC, Amsterdam, The Netherlands).
C219 (anti P-gp) was from Alexis (Kordia, Leiden, The Netherlands),
biotinylated rabbit-anti-mouse or rabbit anti-rat secondary antibodies and
streptavidin-peroxidase were purchased from Dako (Glostrup, Denmark).
Cell lines
The human bronchial epithelial cell line 16HBE14o- immortalized with
pSVori- plasmid transfection, was kindly provided by Dr DC Gruenert
(California Paciﬁc Medical Center Research institute, San Francisco, CA) [23].
Cells were cultured on tissue culture plastics coated with Vitrogen (30 µg/ml)
and BSA (10 µg/ml) in MEM supplemented with 10% heat inactivated FCS.
Before trypsinisation, cells were washed twice with PBS (6.4 mM Na2HPO4,
1.5 mM KH2PO4, 0.14 mM NaCl, 2.7 mM KCl, pH=7.4) with 0.5 mM EDTA.
Controls consisted of the human small cell lung cancer cell lines GLC4 and
GLC4/ADR [24], which were respectively weakly MRP1 positive and MRP1
overexpressing. Both were grown in RPMI1640 medium supplemented with
10% heat inactivated FCS. GLC4/ADR was in vitro selected for doxorubicin
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resistance and maintained under continuous pressure of 1.2 μM doxorubicin
[24]. Before every experiment, cells were cultured in the absence of
doxorubicin for 3 weeks. All cell lines were passed twice a week and used in
logarithmic growth phase, usually two or three days after subculturing.
Immunocytochemistry
In order to characterize the ABC transporter expression in 16HBE14ocells cytospin slides were ﬁxed in acetone for 10 min at room temperature.
Monoclonal antibodies were incubated for 1 h in the recommended dilution,
followed by incubation with biotinylated rabbit-anti-mouse or rabbit antirat secondary antibody (1/300) for 1 h and incubation with streptavidinperoxidase (1/300) for 30 min. All incubation steps were carried out at room
temperature. PBS/1% BSA or irrelevant isotype speciﬁc antibody was used
as a negative control. Appropriate positive controls were included for each
antibody tested.
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Cigarette smoke extract
Mainstream smoke of four reference cigarettes (type 2R1, Kentucky Tobacco
Research and Development Center, Lexington, UK) was bubbled through 50
ml MEM medium without FCS by means of a smoking device (Tobacco Health
Research Institute). The smoking rate was 10 seconds/min (one puff), four
puffs/cigarette. Within 30 min, CSE was adjusted to pH 7.4 and sterilized
through a 0.22 µm ﬁlter. This solution was denoted as 100% CSE. Small
aliquots of 1, 2 or 3 ml were stored at –80°C.
Cytotoxicity assay
The micro culture tetrazolium test (MTT) was used to determine cytotoxicity
of CSE in 16HBE14o- cells and performed as described earlier [25]. Cells
were seeded at optimum density in order to test cell survival after at least 2
to 3 cell divisions had taken place in the control cells. 16HBE14o- cells were
seeded in a 96-wells plate (5,000 cells/well) in quadruplicate for each CSE
concentration (0 to 2.25% with 0.25% intervals) and cultured for 4 days.
Assays were performed 4 times, and the CSE concentration that induced
50% cell growth inhibition (IC50) was determined. Results are expressed
as mean ± SD. Toxicity of every new CSE batch was tested. In order to test
whether MRP1 activity affects CSE cytotoxicity cells were co incubated
with CSE and MRP1 inhibitor MK571 (50 µM). As controls, comparable
experiments were performed with the P-gp inhibitor PSC833 (a cyclosporine
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A-analogue, 1 µg/ml) and the BCRP inhibitor FTC (5 µM) [26]. This to asses
whether CSE cytotoxicity was affected by MRP1 speciﬁcally or by ABC
transporters activity more generally. The indicated inhibitor concentrations
were combined with the IC50 of CSE. Inhibitor concentrations were chosen
as described earlier [27] and incubations with inhibitors alone were used as
controls.
RNA interference
Small interfering RNA (siRNA) duplexes directed against MRP1 (si-MRP1)
and Luciferase (si-Luci, negative control) mRNA were purchased from
Eurogentec (Maastricht, The Netherlands). The sense sequence for si-MRP1
was 5’-GGA GTG GAA CCC CTC TCT G-3’ and the antisense sequence was
5’-CAG AGA GGG GTT CCA CTC C-3’. For si-Luci, the sense sequence was
5’-CUU ACG CUG AGU ACU UCG A-3’ and the antisense sequence was 5’UCG AAG UAC UCA GCG UAA G-3’. At day 1 after seeding, 16HBE14o- cells
(4x105/well) were transfected in 6-well plates using 200 nM oligonucleotides
with Oligofectamine reagent and OptiMEM with 10% FCS (according to the
manufacturer’s instructions). At day 2, the transfection medium was replaced
by fresh culture medium. At day 3, the siRNA transfection procedure was
repeated as repetitive transfection resulted in the highest MRP1 down
regulation. Cells for ﬂow cytometry and RNA extraction were harvested day 4.
Flow cytometric detection of MRP1 function
To determine MRP1 mediated efﬂux the cellular retention of the
ﬂuorescent MRP1 substrate CF was used as described previously [27]
with slight modiﬁcations. Cells were incubated with CFDA (0.1 μM) which
is intracellularly converted to CF. For measurements 1x106 cells were
incubated for 1 h (37°C, 5% CO2) in 0.5 ml RPMI1640 medium without FCS,
with CFDA and with, or without, the addition of 5%, 10%, 20% or 40% CSE.
For siRNA transfected cells, only 1 h incubation with 20% CSE was used.
This CSE concentration induced intermediate effect in untransfected cells so,
after combination with siRNA further increased or decreased accumulation
effects should be well detectable. MK571 (20 µM) was added to samples
instead of CSE as a positive control for inhibition of MRP1 activity [27]. After
incubation, cells were centrifuged for 15 seconds at 12,000 g. Cell pellets
were resuspended in 0.5 ml ice-cold RPMI1640 medium without FCS and
incubated again for 1 h (37°C, 5% CO2) in the presence of the same CSE
concentrations or MK571 concentrations but without CFDA. After pelleting,
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cells were put on ice to stop efﬂux of substrate and were resuspended in 350
µl RPMI1640 medium with 0.1 µg/ml PI, to distinguish dead from living cells.
Fluorescence of CF was analyzed with a FACSCalibur ﬂow cytometer
(Becton Dickinson Medical Systems, NJ). Per sample, 10,000 events were
measured. The Winlist 5.1 program (Verity Software House Inc., Topsham,
ME) was used to calculate mean ﬂuorescence intensity (MFI) values. The
efﬂux blocking factor (BF) was deﬁned, as described earlier [27], as the ratio
between MFI of CF plus modulator and MFI of CF alone. Each measurement
was corrected for background (auto) ﬂuorescence measured in samples
incubated without CFDA and PI but with CSE, MK571 or medium alone. In
order to determine whether the modulating effect of CSE was related to MRP1
function the BFs obtained with CSE incubation for untransfected 16HBE14o, si-Luci and si-MRP1 transfected cells were plotted against the inverse of the
CF retention (MFI-1) of the cells at each condition. The latter as a measure for
MRP1 function at each condition. As a control, the same plot was made for
BFs obtained with MK571.
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RNA isolation and quantitative RT-PCR
Cells transfected with siRNA duplexes were resuspended in 1 ml of Trizol.
After 5 min incubation at room temperature, the lysate was stored at –80°C
until use. RNA was isolated according to standard manufacturer protocols
followed by a DNase-I treatment. For RNA puriﬁcation, the RNeasy kit was
used and RNA (800 ng) was subjected to a cDNA synthesis reaction.
Quantitative reverse transcriptase-polymerase chain reaction (RTPCR) was performed using the ABI PRISM 7700 sequence detector (Applied
Biosystems, Foster City, CA) as described [28]. In brief, a qPCR core kit
was used and the PCR mixture contained 900 nM of sense and antisense
primers, 200 nM of ﬂuorogenic probe (labeled by a 5’ FAM reporter and a 3’
TAMRA quencher). Each sample was analyzed in duplicate. Sequences for
MRP1 primers were 5’-GGT GGG CCG AGT GGA ATT-3’ for the sense strand,
5’-TTG ATG TGC CTG AGA ACG AAG T-3’ for the antisense strand and 5’
FAM-CTG CCT GCG CTA CCG AGA GGA CCT-TAMRA 3’ for the probe strand.
Sequences for the housekeeping gene GAPDH primers were 5’- GGT GGT
CTC CTC TGA CTT CAA CA-3’ for the sense strand, 5’-GTG GTC GTT GAG
GGC AAT G-3’ for the antisense strand and 5’ FAM-ACA CCC ACT CCT CCA
CCT TTG ACG C-TAMRA 3’ for the probe strand. Cycle numbers at which the
sample ﬂuorescence signal increases above a ﬁxed threshold level (CT value)
correlate inversely with initial mRNA levels.
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Statistical analysis
The paired Student’s t-test or the independent samples t-test was used to
calculate statistical differences. Correlations between BFs and CF retention
were calculated using non linear regression analysis and statistically
validated by analysis of variance (sum of square reduction test). Differences
were considered signiﬁcant when P<0.05. Statistical analyses were performed
with SPSS 10 (SPSS Inc., Chicago, IL).

Results
Immunocytochemistry
16HBE14o- cells were characterized for presence of MRP1, 2, 3, 4 and 5, P-gp
and BCRP. MRP1 staining was clearly present and predominantly membrane
associated, whereas also organelles in the cytoplasm stained positive. In
general, staining for the other ABC transporters was negative (MRP2, 3, 5)
or weak (MRP4, P-gp) in 16HBE14o- cells. Staining for BCRP was strongly
positive and mainly cytoplasmatic with some membranal staining.
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Figure 1. Cell survival assay (MTT) with CSE in 16HBE14o- cells. 16HBE14o- cells were
incubated with 0.25% to 2.25% CSE for 4 days. The IC50 concentration was 1.53 ± 0.22% (mean
± SD, n=4).
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Cytotoxicity assay
In the MTT assay, the IC50 (mean ± SD) of CSE was 1.53 ± 0.22% (n=4) in
16HBE14o- cells (Figure 1). The addition of MRP1 inhibitor MK571 to the
IC50 concentration of CSE further decreased cell survival by 31% (p=0.018,
n=3) (Figure 2), while the P-gp inhibitor PSC833 and the BCRP inhibitor
FTC did not affect CSE cytotoxicity. The inhibitor concentrations used in the
combination assays exhibited less than 8% cytotoxicity when used as a single
drug (survival after MK571, 96 ± 9%; PSC833, 92 ± 6%; FTC, 103 ± 8%).
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Figure 2. Cell survival assay (MTT) with CSE in 16HBE14o- cells. 16HBE14o- cells were
incubated with the IC50 concentration of CSE with or without inhibitors or with inhibitor
alone. Cytotoxicity of CSE increased with MRP1 inhibitor MK571 (p=0.018, n=3) but not with
P-gp or BCRP inhibitors PSC833 or FTC respectively. Inhibitors alone were non-toxic in these
concentrations.

Flow cytometric detection of MRP1 function and RNA interference
Cellular CF increased with increasing CSE concentrations in untransfected
16HBE14o- cells (p<0.05) at all tested CSE concentrations (5-40%; Figure
3a). The calculated BF ranged from 1.7 ± 0.4 at 5% CSE to 10.3 ± 3.3 at
40% CSE (n=5). 16HBE14o- cells transfected two times repetitively with siMRP1 showed a reduction of 49 ± 9% in MRP1 mRNA levels compared to cells
transfected with si-Luci (at day 4, p=0.002, n=5). CF retention was increased
in cells transfected with si-MRP1 compared to control cells transfected with
si-Luci (67% p= 0.03, n=3; Figure 3b).
After incubation with 20% CSE cells transfected with si-MRP1 had
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an increased CF retention compared to control cells transfected with si-Luci
(24% increase, p=0.031, n=3) but not compared to untransfected cells. In
transfected as well as non-transfected cells CF was highly increased after
coincubation with the MRP inhibitor MK571 compared to their respective
controls (p<0.05) (Figure 3). Statistical analysis of the BFs calculated for CSE
in untransfected 16HBE14o-, si-Luci transfected and si-MRP1 transfected
cells plotted against the inverse of CF retention (MFI-1) as a measure of
MRP1 function at each condition (Figure 4) revealed a linear positive relation
between these parameters (r=0.99, p=0.089). This relation was analogous
to the relation found for the BFs calculated for MK571 and MFI-1 (Figure 4,
r=0.99, p=0.034).
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Figure 3. CF retention as measure for MRP1 function in 16HBE14o- cells with or without CSE
incubation and /or speciﬁc MRP1 RNA down regulation. A, 16HBE14o- (control) cells were
incubated with CF alone or with CF plus increasing concentrations of CSE (5-40%) for 1 h. B,
16HBE14o- cells transfected with siRNA against luciferase (si-Luci) or transfected with siRNA
against MRP1 (si-MRP) were co-incubated with 20% CSE for 1 h. CF retention was measured by
ﬂow cytometry. MK571 was used as positive control of MRP1 inhibition. MFI=mean ﬂuorescence
intensity, CF=carboxyﬂuorescein, *p<0.05 CSE treated versus untreated control; **p= 0.03 siMRP versus si-Luci

Discussion
This is the ﬁrst study demonstrating that CSE affects the activity of MRP1 in
the MRP1 expressing bronchial epithelial cell line 16HBE14o-. The survival
of 16HBE14o- cells following exposure to CSE was signiﬁcantly lower in
the presence of the MRP1 inhibitor MK571. This suggests that CSE is more
cytotoxic when the function of MRP1 is blocked. The CF retention, which
served as an inverse measure of MRP1 function, increased with increasing
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Figure 4. BF after co-incubation of 16HBE14o-, 16HBE14o- cells transfected with siRNA against
luciferase (si-Luci) or transfected with siRNA against MRP1 (si-MRP) with CF and 20% CSE or
MK571 expressed relative to MRP function expressed as MFI-1 after incubation with CF alone.
Correlations for CSE (●—●) r=0.99, p=0.089, for MK571 (○—○) r=0.99, p=0.034; 1 16HBE14o-, 2
si-Luci, 3 si-MRP
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CSE concentrations. Speciﬁc down regulation of MRP1 with RNA interference
reduced MRP1 RNA expression by 49% and increased CF retention by 67%.
Addition of CSE further increased this CF retention by 24%. A linear relation
between MRP1 function and CSE blocking effects was shown in analogy to
the blocking effects with MK571 in untransfected, si-Luci control transfected
and MRP1 down regulated 16HBE14o- cells.
Smoking generates oxidative stress in the lungs and is the principal
risk factor for COPD. The MRP1 level in normal human bronchial epithelium
is very high [11, 13]. We have previously detected lower MRP1 expression
in bronchial epithelium of COPD patients compared to healthy controls [4].
Surprisingly, almost no information is available concerning the effects of
tobacco smoke on the function of MRP1.
CSE is a mixture of many substances. The metabolite of one of the
nitrosamines present in tobacco smoke, NNAL-O-glucuronide, has been
shown to be transported by MRP1 in the presence of glutathione [18].
Presence of MRP1 substrates in CSE or intracellular generation of MRP1
substrates by CSE can inhibit the efﬂux of MRP1 substrate CF. This could
either be a result of substrate competition with CF, an inhibitory effect of
metabolizing enzymes (e.g. glutathione S-transferases), or a direct effect on
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the activity of the MRP1 protein (e.g. the ATPase activity) as was described
for other inhibitors of ABC transporters [29, 30]. Kamp et al. [31] have shown
that CSE decreases ATP and glutathione levels in the alveolar epithelial
cell lines A549 and WI-26 in a concentration-dependent manner after 4 h
incubation. In our experimental setting only MK571, the inhibitor of MRP1,
increased the epithelial cytotoxicity as induced by CSE, whereas this was not
the case for the inhibitors of P-gp and BCRP, even though BCRP was highly
expressed in these 16HBE14o- cells. Since P-gp and BCRP also depend on
ATP for their function, it is unlikely that the observed effects were caused by
a general effect of CSE on cellular ATP. In ﬂow cytometric analyses of MRP
function glutathione addition or depletion did not affect CF retention after
co-incubation with CSE in 16HBE14o- cells (data not shown) indicating that
glutathione depletion by CSE was not the limiting factor in CF transport in
our model.
CF and MK571 are good probes for MRP1 function [32] one might
anticipate that other MRPs contribute to the transport of CF [33] and its
inhibition by MK571 [34] or CSE. We showed that MRP2, 3 and 5 were not
detected by immunocytochemistry in 16HBE14o- cells and MRP4 staining
was very weak. Therefore, in 16HBE14o- MRP1 is the most predominantly
expressed of all investigated MRPs. This indicates that the increased
retention of CF after co incubation with CSE in this model is mainly due
to reduced transport by MRP1. Since reduced efﬂux of CF after incubation
with CSE was also observed in the lung cancer cell line GLC4 and the MRP1
overexpressing cell line GLC4/ADR (data not shown), the observed effect is
not cell line but MRP1 speciﬁc.
Successful down regulation of mRNA expression with RNA
interference by 49% in 16HBE14o- cells resulted in 67% higher CF
accumulation. Co-incubation with CSE in si-Luci control transfected and
MRP1 down regulated 16HBE14o- cells revealed an increased CF retention
in the MRP1 down regulated cells versus the si-Luci transfected cells. The
modulating capacity (expressed as BF) of CSE is linearly related to MRP1
function expressed as the inverse of CF retention. The relation obtained with
CSE is analogous to the relation obtained with MK571. In this model CSE
shows a modulation pattern comparable with the strong MRP1 inhibitor
MK571, indicating that CSE hits the same target, MRP1. The difference
in slope between the 2 lines (8.73 for MK571, 3.80 for CSE) suggests that
MK571 has a higher MRP1 modulating efﬁcacy than the MRP1 substrates in
CSE for instance due to a difference in substrate afﬁnity or to a difference in
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blocking efﬁciency.
Interestingly, our study shows that inhibition of MRP1 activity
increases CSE cytotxicity in lung epithelial cells in vitro presumably by a
diminished clearance of toxins present in cigarette smoke. Smoking is the
principal risk factor for COPD, but only a subset of smokers develops COPD.
Recently, a polymorphism at the MRP1 gene locus was identiﬁed in the
human population [35]. Functional studies revealed that this polymorphism
reduces MRP1 activity. The presence of reduced MRP1 activity due to such a
genetic polymorphism combined with our observation that MRP1 may protect
epithelial cells against CSE toxicity may contribute to the explanation why
only a subset of smokers is susceptible to the development of COPD.
In conclusion, in bronchial epithelial cells MRP1 mediated activity is
competitively inhibited by cigarette smoke extract. In a model of the same cell
line with different MRP1 activities a linear relation between CSE modulation
and MRP1 function is found. Inhibition of MRP1 with MK571 makes
bronchial epithelial cells more susceptible to CSE cytotoxicity. These results
indicate a functional role of MRP1 in relation to the handling of cigarette
smoke in human lungs.
Chapter 6
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Abstract
Background: Smoking is the principle risk factor for development of chronic
obstructive pulmonary disease (COPD). Multidrug resistance-associated
protein 1 (MRP1) is known to protect against toxic compounds and oxidative
stress and might play a role in protection against smoke-induced disease
progression. We questioned whether MRP1 mediated transport is inﬂuenced
by pulmonary drugs that are commonly prescribed in COPD.
Methods: The immortalized human bronchial epithelial cell line 16HBE14owas used to analyze direct in vitro effects of budesonide, formoterol,
ipratropium bromide and N-acetylcysteine (NAC) on MRP1 mediated
transport. Carboxyﬂuorescein diacetate (CF) was used as a model MRP1
substrate and was measured with functional ﬂow cytometry.
Results: Formoterol had a minor effect, whereas budesonide dosedependently decreased CF transport. Remarkably, addition of formoterol to
the highest dose of budesonide increased CF transport. Ipratropium bromide
inhibited CF transport at low concentrations and tended to increase CF
transport at higher levels. NAC increased CF transport by MRP1 in a dosedependent manner.
Conclusions: Our data suggests that besides their positive effects on
respiratory symptoms, ipratropium bromide and NAC or the combination
of budesonide and formoterol may be beneﬁcial for long-term treatment of
COPD via their stimulating effects on MRP1 functional activity.
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Smoking generates oxidative stress in the lungs and is the principal risk
factor for development of lung cancer and chronic obstructive pulmonary
disease (COPD). Detoxiﬁcation and elimination processes of noxious
substances present in cigarette smoke are important for both disease
prevention and progression, yet little is known on these processes in the
lung so far. Proteins of the ATP-binding cassette (ABC) superfamily such as
the multidrug resistance-associated protein 1 (MRP1) may play a role, since
they protect against oxidative stress and other xenobiotics. [1] Substrates for
MRP1 are glutathione, glucuronate and sulfate conjugates and unconjugated
compounds in presence of glutathione, e.g. tobacco speciﬁc nitrosamines. [2]
Interestingly, the lung and trachea and other tissues with a barrier function
highly express several ABC transporters. [3] Especially MRP1 is expressed
at high levels in human lung tissue [4], mainly at the basolateral side of
bronchial epithelium. [5, 6] We observed that MRP1 expression is diminished
in bronchial epithelial cells of COPD patients [7] supporting the hypothesis
that lower functional MRP1 activity is related to COPD development.
So far, COPD is recognized as a relentlessly progressive disease in
which only smoking cessation reduces the accelerated lung function decline.
There is no cure for COPD, yet recently it has been shown that some drugs
are beneﬁcial in the disease management. Inhaled corticosteroids and longacting beta-agonists such as budesonide and formoterol reduce the number
of exacerbations in COPD [8, 9] and their combination has been shown to
be very effective. [10] Treatment of COPD patients with the anticholinergic
drug ipratropium bromide results in a small improvement of lung function,
yet does not inﬂuence the long-term decline in mild COPD. [11] Studies on
oral use of the anti-mucolytic drug N-acetylcysteine (NAC) have provided
contradictory results. [12, 13]
In contrast to the extensive knowledge on chemotherapeutic drugs
as substrates for MRP1, limited data is available on the effect of pulmonary
drugs on the functional expression of MRP1. [14] NAC induces higher cellular
glutathione levels and in this way can protect against oxidative stress that
may indirectly affect MRP1 function [15] but no information is available
about budesonide, formoterol and ipratropium bromide in this respect.
In the present study, we questioned whether medications commonly
prescribed to COPD patients affect MRP1 mediated transport. Therefore, we
analyzed the direct in vitro effects of budesonide, formoterol, ipratropium
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bromide and NAC on MRP1 by means of functional ﬂow cytometry in
immortalized human bronchial epithelial cells.

Material and Methods
Chemicals, media and reagents
Bovine serum albumin (BSA, fraction V), minimal essential medium (MEM,
supplemented with Earle’s salts and L-glutamine) and RPMI 1640 medium
(supplemented with 25 mM Hepes and L-glutamine) were purchased from
Invitrogen Life Technologies (Breda, The Netherlands). Carboxyﬂuorescein
diacetate (CFDA), ipratropium bromide, NAC and propidium iodide (PI) were
obtained from Sigma-Aldrich BV (Zwijndrecht, The Netherlands). Budesonide
(Pulmicort, Turbuhaler) was obtained from AstraZeneca BV (Zoetermeer, The
Netherlands), formoterol fumarate dihydrate from Astra Draco AB (Lund,
Sweden), ethylenedinitrilo tetraacetic acid disodiumsalt dihydrate (EDTA)
from Merck (Darmstadt, Germany), fetal calf serum (FCS) from Bodinco
BV (Alkmaar, The Netherlands), Vitrogen from Nutacon (Leimuiden, The
Netherlands) and MK571 from Omnilabo (Breda, The Netherlands).
Bronchial cells
The human bronchial epithelial cell line 16HBE14o-, immortalized with
pSVori- plasmid transfection, was kindly provided by Dr. D.C. Gruenert
(California Paciﬁc Medical Center Research institute; San Francisco, CA).
[16] This cell line expresses MRP1 at relatively moderate levels. Cells were
cultured in MEM supplemented with 10% heat inactivated FCS. Before
trypsinization, cells were washed twice with phosphate buffered saline (PBS:
6.4 mM Na2HPO4, 1.5 mM KH2PO4, 0.14 mM NaCl, 2.7 mM KCl, pH=7.4)
with 0.5 mM EDTA. 16HBE14o- cells were grown on tissue culture plastics
coated with Vitrogen (30 µg/ml) and BSA (10 µg/ml).
Flow cytometry
To determine MRP1 mediated transport, cells were incubated with 0.1
µM CFDA as described previously [17] with slight modiﬁcations. CFDA is
intracellularly converted to carboxyﬂuorescein (CF) which is a ﬂuorescent
MRP1 substrate. To establish the effect of COPD drugs on MRP1 mediated
activity, 1 x 106 cells were incubated in 0.5 ml RPMI 1640 medium without
FCS (37 °C, 5% CO2, 1 hour) with CFDA and with or without the addition
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of drugs. MK571 (20 µM) was used as a positive control for inhibition of
MRP1 activity [17] and always showed strong inhibition (more than tenfold) of MRP1 mediated efﬂux of CF. Budesonide and formoterol were
added in concentrations of 10-8 M to 10-4 M. These drugs were dissolved
in 96% ethanol and dimethyl sulfoxide (DMSO) respectively. In part of the
experiments, cells were simultaneously incubated with budesonide and
formoterol. Ipratropium bromide was added in concentrations from 10-7 M to

Statistical analysis
Data are expressed as the mean ± standard error of the mean (SEM). Each
experiment was repeated 3 to 6 times independently. The paired Student’s
t-test (two-tailed) was used to calculate modulating effects of the drug under
study compared to control. Differences were considered signiﬁcant when P <
0.05. Statistical analyses were performed with SPSS 12 (SPSS Inc.; Chicago,
IL).
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2x10-4 M and NAC from 10-4 M to 1.6x10-3 M and these drugs were dissolved
in PBS and water respectively.
Cells were pelleted for 15 seconds at 12,000 g and resuspended in
ice-cold RPMI medium without FCS. Drug or MK571 was added a second
time in appropriate concentrations, this time without substrate CFDA (37
°C, 5% CO2, 1 hour). After pelleting, cells were put on ice to stop efﬂux of
substrate and were resuspended in 350 µl RPMI medium with 0.1 µg/ml PI to
distinguish dead from living cells.
Fluorescence of CF was analyzed with a FACSCaliburTM ﬂow cytometer
(Becton Dickinson Medical Systems; Franklin Lakes, NY). We measured
10,000 events per sample (living cells). The Winlist 5.1 program (Verity
Software House Inc.; Topsham, ME) was used to calculate mean ﬂuorescence
intensity (MFI) values. All measurements were corrected for the negative
control (medium alone) and for incubation with the solvents 96% ethanol and
DMSO if appropriate. The percentage of dead cells (PI positive population)
did not increase with all tested drug concentrations. None of the tested drugs
caused autoﬂuorescence (ﬂuorescence without CFDA and PI incubation).

Chapter seven

�

*

250

CF (MFI)

200

*

150
100
50
0

Control

10

-8

10

-7

10

-6

10

-5

10

-4

-5

10

-4

Budesonide (M)
250

�
CF (MFI)

200

*

150
100
50
0

Control

10

-8

10

-7

10

-6

10

Formoterol (M)
Figure 1. Modulation of MRP1 mediated activity with increasing concentrations of (A)
budesonide or (B) formoterol. Dashed line indicates the MFI level of the control (incubation with
vehicle). Data is shown of mean ± SEM of 3-4 independent experiments for budesonide and 5-6
independent experiments for formoterol. *P < 0.05 compared to control.

Results
Modulating effect of budesonide and formoterol on MRP1 mediated
activity
Budesonide increased the accumulation of CF at concentrations of 10-5 M
and 10-4 M with 26% and 97% respectively. Lower concentrations did not
affect CF accumulation signiﬁcantly (Figure 1A). Formoterol had a small, yet
signiﬁcant effect on the accumulation of CF at 10-8 M, but at higher doses
this effect was not signiﬁcant Figure 1B).
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To address the question whether the effect of budesonide is altered by
addition of formoterol, we incubated the highest concentration of budesonide
(10-4 M) with increasing concentrations of formoterol. With this approach,
the budesonide-induced CF accumulation decreased in a dose-dependent
manner; with 10-6 M, 10-5 M, 10-4 M formoterol respectively 198%, 124% and
58% compared to the control (Figure 2).
Modulating effect of ipratropium bromide and N-acetylcysteine on MRP1
mediated activity
Ipratropium bromide increased CF accumulation in a dose-independent
manner at lower concentrations (10-7 M to 10-5 M) with a maximum of
24% at 10-7 M (Figure 3A). Increasing the concentration of ipratropium
bromide to 2x10-4 M potentiated the CF efﬂux (56% compared to control),
suggesting that MRP1 mediated activity is stimulated rather than inhibited
with ipratropium bromide. Similar results were obtained with NAC, i.e. CF
accumulation was reduced in a dose-dependent manner (57% at 8x10-4 M)
(Figure 3B). Increasing the NAC concentrations to 1.6x10-3 M potentiated the
CF efﬂux even more (one observation).
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Figure 2. Modulation of MRP1 activity by budesonide, formoterol or their combination. Dashed
line indicates the MFI level of the control (incubation with vehicle). Data is shown of mean ± SEM
of 3 independent experiments. *P < 0.05 compared to control.
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Figure 3. Modulation of MRP1 mediated activity with increasing concentrations of (A)
ipratropium bromide or (B) N-acetylcysteine. Dashed line indicates the MFI level of the control
(incubation with vehicle). Data is shown of mean ± SEM of 5 independent experiments for
ipratropium bromide and 3-6 independent experiments for N-acetylcysteine. *P < 0.05 compared
to control.

Discussion
The membrane protein MRP1 is highly expressed in human lung tissue
and may protect the airways against damage induced by cigarette smoking.
[6] This study shows for the ﬁrst time the direct inﬂuence of pulmonary
drugs on MRP1 functional activity, drugs that have already proven their
effectiveness in the clinical management of COPD.
Since MRP1 function is most likely cytoprotective in lung cells, we
argued that modulation of its function with pulmonary drugs might induce
either a positive or negative effect in COPD with long term treatment. We
observed that budesonide interfered with MRP1 mediated transport by
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increasing CF retention. This implies either that budesonide is an MRP1
substrate or that it acts on MRP1 function in another way. Budesonide
is intracellularly esteriﬁed to a fatty acid which is thought to be the
mechanism of its prolonged activity after a single dose. [18] MRP1 has been
shown to be capable of rather slow outward transport of phospholipids,
phophatidylcholine and sphingomyelin, and phospholipid analogues in
the presence of oxidized glutathione and ATP in human erythrocytes and
epithelial cells. [19] It is tempting to speculate that esteriﬁed budesonide
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could behave like a phospholipid analogue with a polar head and two fatty
acid tails and is then outwards transported by MRP1. As such, budesonide
can compete with other MRP1 (physiological) substrates and in that way
affect the functional activity of MRP1.
We measured the direct effect of budesonide on MRP1 mediated
transport. In addition, budesonide is also able to affect the transcriptional
regulation of MRP1, as shown by diminished expression of MRP1 in the lung
epithelial cell line Calu-1 after long-term incubation with budesonide (10-5
M). [20] Taken together, the data suggest that treatment with budesonide
could potentially have a negative effect in COPD, given the cell protective
properties of MRP1. Our observation does not distract from the well known
beneﬁcial effects of budesonide in diseases like asthma, since steroids
suppress virtually every step of the inﬂammatory cascade. However, our
ﬁndings may contribute an alternative hypothesis why inhaled steroids are
not capable to alter the long-term course of COPD, particularly in smokers
with COPD. [9]
In combination with formoterol, the direct inhibitory effect of
budesonide on CF accumulation of epithelial cells was reduced, whereas
formoterol as such had only minor effects on MRP1 mediated transport. This
indicates that budesonide or its esteriﬁed derivatives is less available as an
MRP1 substrate/inhibitor when combined with formoterol or that formoterol
interferes with the interaction between budesonide (esters) and MRP1.
Although formoterol is moderately lipophilic, it has a high afﬁnity for cellular
membrane lipid bilayers. [21] High concentrations of formoterol might
interfere with the function of membrane proteins as this depends on the lipid
environment of the protein. Since phospholipid transport by MRP1 seems to
have very slow kinetics [19] compared to the transport of smaller substrates
like CF, MRP1 transport of budesonide (esters) may be more affected than the
transport of CF. This could explain the relative improvement of CF transport
in our model after combined incubation with budesonide and formoterol.
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This effect may also indirectly run via adenosine 3’,5’-cyclic monophosphate
(cAMP) since formoterol stimulates cells via the beta(2)-adrenergic receptor
[22] resulting in higher intracellular levels of cAMP. However, it is not clear
why this occurs in the presence of budesonide while formoterol alone had no
effect. The here proposed model for budesonide transport and the effects of
combination with formoterol needs further study.
Ipratropium bromide incubation resulted in lower CF retentions with
increasing concentrations in a dose-dependent manner. Ipratropium bromide
competitively inhibits acetylcholine binding to the muscarinic receptor
resulting in decreased guanosine 3’,5’-cyclic monophosphate (cGMP) levels
which lowers bronchoconstriction. There are no reports in the literature on
its mechanism of action with respect to MRP1, but it can be speculated that
cGMP might play a role in this process since cGMP is a substrate of other
members of the MRP family, MRP4 and MRP5. [23]
Effects of NAC were similar to those observed with ipratropium
bromide, i.e. MRP1 mediated transport was stimulated with increasing
concentrations of NAC. This may be due to the fact that NAC elevates
glutathione levels. Glutathione and many glutathione conjugates are
substrates for MRP1, and therefore, intracellular glutathione levels are of
major importance for MRP1 function in antioxidant defense. It is known
that transport of anionic species such as CF can be stimulated with
glutathione. [15, 24] It was observed that the compounds sulﬁnpyrazone
and indomethacin stimulate glutathione transport by MRP2 at low
concentrations, whereas relatively high concentrations inhibit GSH
transport into the medium. [25] A possible explanation was given that
both compounds are transported cooperatively. Our results with NAC and
ipratropium bromide might be explained by a similar co-transport of these
substances with CF. It can be speculated that certain (at present undeﬁned)
toxic inhaled substances can be transported by MRP1 more effectively with
increasing glutathione levels as well. For example, the tobacco-derived NNALO-glucuronide was identiﬁed as an MRP1 substrate that requires glutathione
for transport. [26]
Treatment of COPD is a matter of intensive investigation. There is no
cure for COPD, and so far available treatment only improves symptoms and
quality of life, and reduces the number of exacerbations. Since the positive
clinical effects are clear, these treatments should be used in clinical practice.
Our in vitro studies show that other, potentially positive or negative long-term
effects of these drugs may be present as well, which clearly requires further
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studies and speciﬁcally the role of MRP1 in this process.
The pulmonary drugs that we tested are, apart from NAC, clinically
administered by inhalation. These drugs act directly on epithelial cells or
pass the epithelial layer and act on e.g. smooth muscle cells or inﬂammatory
cells. Clinically achievable concentrations at the level of airway epithelium
are mainly unknown. The intracellular levels that can be reached with
treatment highly depend on e.g. biochemical features of the substance,
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action of drug metabolism proteins (phase II conjugation enzymes such
as cytochrome P450 isoforms), drug efﬂux pumps (phase III systems),
as well as the route of administration. We have chosen the ranges of the
applied drug concentrations based on published data [20, 21, 27-30] and
theoretical models, i.e.ranges that will be clinically effective. MRP1 is located
in bronchial epithelium, the ﬁrst cells that drugs have to encounter to reach
the underlying tissue to act on e.g. smooth muscle cells, ﬁbroblasts and
inﬂammatory cells. Thus, local high cellular concentrations of pulmonary
drugs are very likely to affect MRP1 activity in bronchial epithelium which
was indeed conﬁrmed in vitro in the present study.
In conclusion, our studies show that drugs that are clinically used
in COPD affect MRP1 function, a transporter that protects against oxidative
stress and toxic compounds. Budesonide inhibits this MRP1 mediated
transport and addition of formoterol on its turn reduces this inhibitory
effect. Our data suggests that the combination of budesonide and formoterol
or relatively high concentrations of ipratropium bromide and NAC may be
beneﬁcial for long-term treatment of COPD with regard to the protective
properties of MRP1.

Acknowledgments
This work was supported by a grant from the Netherlands Asthma Foundation (NAF97.35) and
“Stichting Astma Bestrijding” (SAB), The Netherlands. This work was performed at the University
of Groningen and University Medical Center Groningen, The Netherlands. The authors thank Drs
AH de Boer, HW Frijlink and H Meurs (University Medical Center Groningen, The Netherlands)
for helpful discussions.

117

Chapter seven

References
1

2
3

4

5

6

7

8

9

10

11

12
13

14
15

118

Cole SP, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE, Almquist KC, Stewart AJ,
Kurz EU, Duncan AM, Deeley RG. Overexpression of a transporter gene in a multidrugresistant human lung cancer cell line. Science 1992: 258: 1650-1654.
Leslie EM, Deeley RG, Cole SP. Toxicological relevance of the multidrug resistance protein
1, MRP1 (ABCC1) and related transporters. Toxicology 2001: 167: 3-23.
Langmann T, Mauerer R, Zahn A, Moehle C, Probst M, Stremmel W, Schmitz G. Realtime reverse transcription-PCR expression proﬁling of the complete human ATP-binding
cassette transporter superfamily in various tissues. Clin Chem 2003: 49: 230-238.
van der Deen M, de Vries EG, Timens W, Scheper RJ, Timmer-Bosscha H, Postma DS.
ATP-binding cassette (ABC) transporters in normal and pathological lung. Respir Res
2005: 6: 59.
Brechot JM, Hurbain I, Fajac A, Daty N, Bernaudin JF. Different pattern of MRP
localization in ciliated and basal cells from human bronchial epithelium. J Histochem
Cytochem 1998: 46: 513-517.
Scheffer GL, Pijnenborg AC, Smit EF, Muller M, Postma DS, Timens W, van der Valk P,
de Vries EG, Scheper RJ. Multidrug resistance related molecules in human and murine
lung. J Clin Pathol 2002: 55: 332-339.
van der deen M, Marks H, Willemse BW, Postma DS, Muller M, Smit EF, Scheffer GL,
Scheper RJ, de Vries EG, Timens W. Diminished expression of multidrug resistanceassociated protein 1 (MRP1) in bronchial epithelium of COPD patients. Virchows Arch
2006: 449: 682-688.
Sutherland ER, Allmers H, Ayas NT, Venn AJ, Martin RJ. Inhaled corticosteroids reduce
the progression of airﬂow limitation in chronic obstructive pulmonary disease: a metaanalysis. Thorax 2003: 58: 937-941.
Alsaeedi A, Sin DD, McAlister FA. The effects of inhaled corticosteroids in chronic
obstructive pulmonary disease: a systematic review of randomized placebo-controlled
trials. Am J Med 2002: 113: 59-65.
Calverley PM, Boonsawat W, Cseke Z, Zhong N, Peterson S, Olsson H. Maintenance
therapy with budesonide and formoterol in chronic obstructive pulmonary disease. Eur
Respir J 2003: 22: 912-919.
Anthonisen NR, Connett JE, Kiley JP, Altose MD, Bailey WC, Buist AS, Conway WA,
Jr., Enright PL, Kanner RE, O’Hara P. Effects of smoking intervention and the use of an
inhaled anticholinergic bronchodilator on the rate of decline of FEV1. The Lung Health
Study. JAMA 1994: 272: 1497-1505.
Stey C, Steurer J, Bachmann S, Medici TC, Tramer MR. The effect of oral N-acetylcysteine
in chronic bronchitis: a quantitative systematic review. Eur Respir J 2000: 16: 253-262.
Decramer M, Rutten-van Molken M, Dekhuijzen PN, Troosters T, van Herwaarden C,
Pellegrino R, van Schayck CP, Olivieri D, Del Donno M, De Backer W, Lankhorst I, Ardia
A. Effects of N-acetylcysteine on outcomes in chronic obstructive pulmonary disease
(Bronchitis Randomized on NAC Cost-Utility Study, BRONCUS): a randomised placebocontrolled trial. Lancet 2005: 365: 1552-1560.
Hamilton KO, Yazdanian MA, Audus KL. Contribution of efﬂux pump activity to the
delivery of pulmonary therapeutics. Curr Drug Metab 2002: 3: 1-12.
Akan I, Akan S, Akca H, Savas B, Ozben T. Multidrug Resistance-Associated Protein
1 (MRP1) mediated vincristine resistance: effects of N-acetylcysteine and Buthionine

Effect of COPD treatments on MRP1 in bronchial epithelial cells
16

17

18
19

20
21
22
23

24

25

27
28

29

30

Chapter 7

26

Sulfoximine. Cancer Cell Int 2005: 5: 22.
Cozens AL, Yezzi MJ, Kunzelmann K, Ohrui T, Chin L, Eng K, Finkbeiner WE,
Widdicombe JH, Gruenert DC. CFTR expression and chloride secretion in polarized
immortal human bronchial epithelial cells. Am J Respir Cell Mol Biol 1994: 10: 38-47.
van der Kolk DM, de Vries EG, Koning JA, van den Berg E, Muller M, Vellenga E. Activity
and expression of the multidrug resistance proteins MRP1 and MRP2 in acute myeloid
leukemia cells, tumor cell lines, and normal hematopoietic CD34+ peripheral blood cells.
Clin Cancer Res 1998: 4: 1727-1736.
O’Connell EJ. Review of the unique properties of budesonide. Clin Ther 2003: 25 Suppl C:
C42-C60.
Dekkers DW, Comfurius P, van Gool RG, Bevers EM, Zwaal RF. Multidrug resistance
protein 1 regulates lipid asymmetry in erythrocyte membranes. Biochem J 2000: 350 Pt 2:
531-535.
Bandi N, Kompella UB. Budesonide reduces multidrug resistance-associated protein 1
expression in an airway epithelial cell line (Calu-1). Eur J Pharmacol 2002: 437: 9-17.
Anderson GP, Linden A, Rabe KF. Why are long-acting beta-adrenoceptor agonists longacting? Eur Respir J 1994: 7: 569-578.
Johnson M, Rennard S. Alternative mechanisms for long-acting beta(2)-adrenergic
agonists in COPD. Chest 2001: 120: 258-270.
Wielinga PR, van der Heijden I, Reid G, Beijnen JH, Wijnholds J, Borst P.
Characterization of the MRP4- and MRP5-mediated transport of cyclic nucleotides from
intact cells. J Biol Chem 2003: 278: 17664-17671.
Bagrij T, Klokouzas A, Hladky SB, Barrand MA. Inﬂuences of glutathione on anionic
substrate efﬂux in tumour cells expressing the multidrug resistance-associated protein,
MRP1. Biochem Pharmacol 2001: 62: 199-206.
Evers R, de Haas M, Sparidans R, Beijnen J, Wielinga PR, Lankelma J, Borst P.
Vinblastine and sulﬁnpyrazone export by the multidrug resistance protein MRP2 is
associated with glutathione export. Br J Cancer 2000: 83: 375-383.
Leslie EM, Ito K, Upadhyaya P, Hecht SS, Deeley RG, Cole SP. Transport of the beta
-O-glucuronide conjugate of the tobacco-speciﬁc carcinogen 4-(methylnitrosamino)-1-(3pyridyl)-1-butanol (NNAL) by the multidrug resistance protein 1 (MRP1). Requirement for
glutathione or a non-sulfur-containing analog. J Biol Chem 2001: 276: 27846-27854.
Gustafsson B, Persson CG. Effect of different bronchodilators on airway smooth muscle
responsiveness to contractile agents. Thorax 1991: 46: 360-365.
Borchard G, Cassara ML, Roemele PE, Florea BI, Junginger HE. Transport and local
metabolism of budesonide and ﬂuticasone propionate in a human bronchial epithelial cell
line (Calu-3). J Pharm Sci 2002: 91: 1561-1567.
Gillissen A, Jaworska M, Orth M, Cofﬁner M, Maes P, App EM, Cantin AM, SchultzeWerninghaus G. Nacystelyn, a novel lysine salt of N-acetylcysteine, to augment cellular
antioxidant defence in vitro. Respir Med 1997: 91: 159-168.
Nagy AM, Vanderbist F, Parij N, Maes P, Fondu P, Neve J. Effect of the mucoactive drug
nacystelyn on the respiratory burst of human blood polymorphonuclear neutrophils. Pulm
Pharmacol Ther 1997: 10: 287-292.

119

Chapter eight

120

CHAPTER EIGHT
Indomethacin induces apoptosis in an
MRP1-dependent mechanism in MRP1
overexpressing, doxorubicin
resistant SCLC cells
Derk Jan A. de Groot, Margaretha van der Deen, T.K. Phuong Le,
Steven de Jong, Elisabeth G.E. de Vries
Department of Medical Oncology, University Medical Center
Groningen and University of Groningen, The Netherlands

Submitted for publication

Chapter eight

Abstract
Small cell lung cancers (SCLCs) initially respond to chemotherapy but are
often resistant at recurrence. Indomethacin is an inhibitor of multidrug
resistance protein 1 (MRP1) function. The doxorubicin resistant MRP1
overexpressing human SCLC cell line GLC4-Adr was highly sensitive for
indomethacin compared to the parental doxorubicin-sensitive line GLC4.
Purpose: To analyze relation between hypersensitivity to indomethacin
and MRP1. Experimental design: Effect of MRP1 down-regulation using
siRNA on indomethacin-induced cell survival and apoptosis was analyzed
in GLC4-Adr and GLC4. In addition indomethacin effect on glutathione
levels and mitochondrial membrane potential was investigated. Results:
Si-MRP1 reduced 2-fold MRP1 mRNA and diminished MRP1 efﬂux pump
function, reﬂected in a 1.8-fold higher accumulation of MRP1 substrate
carboxyﬂuorescein, in si-MRP1 versus si-Luciferase transfected GLC4-Adr.
MRP1 down-regulation decreased 2-fold initial high apoptosis levels in GLC4Adr after 24 h indomethacin, and increased cell survival (IC50) from 22.8 ±
2.6 to 30.4 ± 5.1 µM following continuous indomethacin exposure. MRP1
down-regulation had no effect on apoptosis in GLC4 or on glutathione levels
in both lines. Although 2 h indomethacin (20 µM) decreased glutathione
levels 31.5 % in GLC4-Adr, complete glutathione depletion by L-buthionine
(S,R)-sulfoximine only resulted in a small increase in indomethacin-induced
apoptosis in GLC4-Adr. Indomethacin exposure decreased mitochondrial
membrane potential in GLC4-Adr. Conclusions: Indomethacin induces
apoptosis in a doxorubicin resistant SCLC cell line through an MRP1
dependent mechanism.
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Introduction
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Lung cancer is the tumour type with the highest incidence in males in the
Western world, while it is rising in females. Small cell lung cancer (SCLC)
represents about 25% of all lung cancers. SCLC tumours are well known
for their initial sensitivity to chemotherapeutic agents but thereafter they
frequently recur at which time the tumour is drug resistant (Glisson,
2003). A common mechanism of drug resistance is the overexpression of
drug transporters and the failure to induce apoptosis in tumour cells. The
major family of drug transporters is the ATP binding cassette (ABC) family
of transport proteins. MRP1, a member of this family of drug transporters,
can act as an efﬂux pump for a number of chemically unrelated agents.
Glutathione (GSH) can be conjugated to these agents by glutathione Stransferase and MRP1 transports GSH, GSH conjugates and unconjugated
cytotoxic drugs to the extra-cellular compartment (Ballatori et al, 2005;
Muller et al, 1994; Paul et al, 1996; Cole et al, 1994; Zaman et al, 1994).
GSH is required for several cellular functions such as protein and DNA
synthesis, cell cycle regulation, protection against oxidative damage and
detoxiﬁcation of toxins (Wang et al, 1998).
The non-steroidal anti-inﬂammatory drug indomethacin is a wellknown inhibitor of MRP1 function. It inhibits glutathione S-transferase
but also functions as a direct substrate for MRP1 (Touhey et al, 2002).
In addition indomethacin can increase GSH efﬂux at low concentrations
(Evers et al, 2000). We previously reported that indomethacin exposure of
the MRP1 overexpressing doxorubicin resistant SCLC cell line GLC4-Adr
resulted in caspase-8 and caspase-9 dependent apoptosis induction, which
suggests involvement of the extrinsic and intrinsic apoptosis pathway. In
contrast, indomethacin exposure of the parental cell line GLC4 did not induce
apoptosis (De Groot et al, 2005). The use of this isogenic model implies
that factors rendering GLC4-Adr resistant to doxorubicin, are very likely to
be causative in indomethacin sensitivity. Insight in this mechanism might
open a simple, relatively non-toxic way to exploit MRP1 overexpression for
apoptosis induction in chemo-resistant cells. In this study, we therefore
investigated whether indomethacin induced apoptosis is related to MRP1
overexpression. In addition the mechanism of indomethacin induced
apoptosis with respect to MRP1 function and GSH levels was studied.
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Material and Methods
Cell lines
The GLC4 cell line was derived from a pleural effusion in our laboratory
and kept in culture in RPMI 1640 medium supplemented with 10% heat
inactivated fetal calf serum (FCS) (both from Life Technologies, Breda, The
Netherlands). The GLC4-Adr sub-line obtained resistance to doxorubicin,
but also to a wide range of other chemotherapeutic agents, by stepwise
increasing concentrations of doxorubicin (Muller et al, 1994; De Jong et al,
1990; Meijer et al, 1991; Zijlstra et al, 1987). GLC4-Adr is 190.6 ± 16.2 fold
more resistant to doxorubicin than GLC4. The doxorubicin resistance in
GLC4-Adr is due to a down-regulation of the activity of DNA-topoisomerase II
(TOPO II) and ampliﬁcation and a 79 fold overexpression of the MRP1 gene.
GLC4-Adr was maintained in 1.2 µM doxorubicin twice weekly. GLC4-Adr
was cultured without doxorubicin for 20 days prior to experiments. Cells
were cultured at 37°C in a humidiﬁed atmosphere with 5% CO2. Cells from
exponentially growing cultures were used for all experiments. Indomethacin
(50 µM) induces 50.6 ± 14.6% apoptosis in GLC4-Adr and 2.1 ± 1.5%
apoptosis in GLC4 following treatment for 48 hrs.
Chemicals, media and reagents
HAM/F12 and DMEM medium (minimal essential medium (MEM,
supplemented with Earle’s salts and L-glutamine), Oligofectamine, RPMI
1640, Phosphate Buffered Saline (PBS), Hoechst 33258, MitoTracker Red
CM-H2XRos and Trizol were purchased from Invitrogen Life Technologies
(Breda, The Netherlands). Carboxyﬂuorescein diacetate (CFDA), thiazolyl blue
tetrazolium bromide (MTT), L-buthionine (S,R)-sulfoximine (BSO), glutathione
reductase, nicotinamide adenine dinucleotide phosphate (NADPH), trichloric
acid (TCA), GSH and propidium iodide (PI) were obtained from SigmaAldrich BV (Zwijndrecht, The Netherlands), DNase-I from Roche Diagnostics
(Mannheim, Germany), doxorubicin-HCl from Pharmachemie BV (Haarlem,
the Netherlands), ethylenedinitrilo tetraacetic acid disodiumsalt dihydrate
(EDTA) from Merck, (Darmstadt, Germany). MK571 was purchased from
Omnilabo (Breda, the Netherlands), the qPCR core kit from Eurogentec
(Seraing, Belgium), the RNeasy kit from Qiagen (Venlo, the Netherlands) and
Vitrogen from Nutacon (Leimuiden, the Netherlands).
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Flow cytometric detection of MRP1 activity
To determine MRP1 activity, cells were incubated with 0.1 µM CFDA as
described previously (Van der Kolk et al, 1998) with slight modiﬁcations.
CFDA is intracellular converted to carboxyﬂuorescein (CF), which is a
ﬂuorescent MRP1 substrate. To establish the effect of indomethacin on the
activity of MRP1, 1 x 106 cells were incubated in 0.5 ml RPMI 1640 medium
(37°C, 5% CO2, 1 h) with CFDA. MK571 (50 µM) served as a positive control

for inhibition of MRP1 activity. Cells were pelleted for 15 seconds at 12,000
g and re-suspended in 350 µL ice-cold RPMI medium with 0.1 µg/mL PI to
distinguish dead cells from living cells. Fluorescence of CF was analyzed
with a FACS Caliber ﬂow cytometer (Becton Dickinson Medical Systems,
USA). Per sample, 10,000 events were measured. The Winlist 5.1 program
(Verity Software House Inc., Topsham, USA) was used to calculate mean
ﬂuorescence intensity (MFI) values. The efﬂux-blocking factor (BF) was
deﬁned as the ratio between MFI of substrate plus modulator and MFI of
substrate. All measurements were corrected for the negative control (without
indomethacin). Experiments were performed in triplicate.
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RNA interference
To explore the role of MRP1 in indomethacin induced apoptosis, siRNAs
directed against MRP1 (si-MRP1) and Luciferase (si-Luciferase, negative
control) were purchased from Eurogentec (Maastricht, The Netherlands). The
sense sequence for si-MRP1 was 5’-GGA GUG GAA CCC CUC UCU G-3’ and
the anti-sense sequence was 5’-CAG AGA GGG GUU CCA CUC C-3’. For siLuciferase, the sense sequence was 5’-CUU ACG CUG AGU ACU UCG A-3’
and the anti-sense sequence was 5’-UCG AAG UAC UCA GCG UAA G-3’.
GLC4 and GLC4-Adr cells were seeded in six-wells plates at a
concentration of 3 x 105/well. The next day, transfection was performed
using 200 nM oligonucleotides with Oligofectamine and RPMI 1640 in the
absence of FCS according to the manufacturer’s instructions. After 4 h,
medium containing FCS was added bringing the FCS concentration to 10%.
MRP1 function assays with ﬂow cytometer and RNA extraction were carried
out 48 h after siRNA transfection.
RNA isolation and quantitative RT-PCR
Cells treated with siRNA for 48 h were washed with ice cold PBS and resuspended in 1 mL of Trizol. After 5 min incubation at room temperature,
the lysate was stored at -80°C until use. RNA was isolated according to
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standard manufacture protocols followed by a DNase-I treatment. For RNA
puriﬁcation, the RNeasy kit was used following standard procedures. RNA
(800 ng) was subjected to a complementary DNA (cDNA) synthesis reaction.
Quantitative reverse transcriptase-polymerase chain reaction (RTPCR) was performed using the ABI PRISM 7700 sequence detector (Applied
Biosystems, Foster City, USA) as described previously (Ros et al, 2003). In
brief, a qPCR core kit was used and the PCR mixture contained 900 nM of
sense and anti-sense primers, 200 nM of ﬂuorogenic probe (labelled by a
5’ FAM reporter and a 3’ TAMRA quencher). Each sample was analyzed in
duplicate. Primer sequences for MRP1 were for the sense strand 5’-GGT GGG
CCG AGT GGA ATT-3’, for the anti-sense strand 5’-TTG ATG TGC CTG AGA
ACG AAG T-3’ and for the probe strand 5’ FAM-CTG CCT GCG CTA CCG AGA
GGA CCT-TAMRA 3’. Primer sequences for the housekeeping gene GAPDH
were for the sense strand 5’- GGT GGT CTC CTC TGA CTT CAA CA-3’, for
the anti-sense strand 5’-GTG GTC GTT GAG GGC AAT G-3’ and for the probe
strand 5’ FAM-ACA CCC ACT CCT CCA CCT TTG ACG C-TAMRA 3’. Cycle
numbers at which the sample ﬂuorescence signal increases above a ﬁxed
threshold level (CT value) correlate inversely with mRNA levels.
MTT survival assay
The cell lines were cultured in HAM/F12 and DMEM medium (1:1)
supplemented with 20% FCS. The effect of doxorubicin and indomethacin
on survival was tested in an MTT assay as described previously (TimmerBosscha et al, 1989). Cells were incubated for 4 days at 37°C and 5% CO2 in
a humidiﬁed environment with a range of indomethacin concentrations and.
The effect of si-MRP1 down-regulation on cell survival was tested in the MTT
assay using continuous incubation with indomethacin. After a 4-day culture
period, MTT (5 mg/mL in PBS) was added and formazan crystal production
was measured as described previously. Controls consisted of media without
cells (background extinction) and cells incubated with medium instead of the
cytotoxic agent. Experiments were performed three times in quadruplicate.
Apoptosis assay
The effect of GSH on indomethacin mediated apoptosis induction was tested
in cells (1.5 x 104 per well) cultured in 96-wells plates and pre-incubated
with 250 µM BSO for 24 h. Apoptosis was induced by adding different
concentrations of indomethacin for 24 h.
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In addition, GLC4-Adr cells were transfected with si-MRP1 and siLuciferase. After 48 h these cells were plated in 96-wells plates and exposed
to different concentrations of indomethacin for 24 h. Apoptosis was deﬁned
as the appearance of apoptotic bodies and/or chromatin condensation,
using a ﬂuorescence microscope. Results were expressed as the percentage
of apoptotic cells in a culture by counting at least 200 cells per well. All
apoptosis assays were performed in duplicate and repeated three times.
GSH assay
Free GSH was measured by a modiﬁed method as described by Allen et al
(Allen et al 2000). Cells were plated in 25 cm2 ﬂasks and exposed to BSO for
24 h, indomethacin for 2 h or MK571 for 2 h for free GSH measurements
after siRNA transfection. Cells were isolated from six wells plates and washed
in PBS. Protein was precipitated with 5% TCA and the precipitate was spun
down at 4,500 g. The supernatant was diluted to 1 mg/ml protein. All GSH
assays were performed three times.
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Figure 1. Indomethacin induced apoptosis in GLC4-Adr 48 h after si-Luciferase transfection
(white) or si-MRP1 transfection (grey). Cells were exposed to indomethacin for 24 h. No apoptosis
was observed in GLC4 (data not shown). Data represent the mean ± SD of three independent
experiments (* P < 0.05).
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Mitochondrial membrane potential
To determine whether there is an absolute decrease in ﬂuorescence, 3 x 105
cells were seeded in six wells plates and exposed to different concentrations
of indomethacin for 24 h. 300 nM MitoTracker red® was added for 45
min at 37ºC and cells were analyzed with an Elite ﬂow cytometer (Becton
Dickinson, Mount View, USA). Experiments were performed in triplicate. A
representative example was shown.
Statistical analysis
The paired Student’s t-test, the independent samples t-test or the onesample t-test was used to calculate statistical differences. Differences were
considered signiﬁcant when P < 0.05.

Results
The effect of MRP1 down-regulation on indomethacin-induced
apoptosis and cell kill
Compared to the parental cell line GLC4, the doxorubicin resistant subline
GLC4-Adr, which is highly sensitive to indomethacin, strongly overexpresses
MRP1 (Zijlstra et al, 1987). The role of MRP1 in indomethacin sensitivity was
investigated using a MRP1 siRNA approach. Efﬁcient down-regulation was
demonstrated, since the MRP1 mRNA expression level, as determined with
quantitative RT-PCR, was reduced to 55.2 ± 18.3% in si-MRP1 transfected
GLC4-Adr cells and 44.9 ± 1.1% in si-MRP1 transfected GLC4 compared to
their respective si-Luciferase transfected controls. The absolute MRP1 mRNA
expression level in GLC4-Adr however was 79 times higher compared to GLC4.
The CF accumulation following 1 h CFDA exposure was used
to determine the MRP1 function in siRNA transfected GLC4-Adr cells.
CF accumulation was 84 ± 19% higher in the si-MRP1 transfected cells
compared to the si-Luciferase transfected cells indicating that the MRP1
function in GLC4-Adr was indeed decreased as a result of MRP1 siRNA.
In GLC4-Adr indomethacin-induced apoptosis was clearly reduced by
si-MRP1 transfection (ﬁgure 1). There was e.g. a 2.0 ± 0.05 fold reduction in
apoptosis at 75 µM indomethacin. At higher indomethacin concentrations
similar reductions were observed. In the GLC4 cell line however,
indomethacin concentrations up to 150 µM still did not induce apoptosis
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Figure 2. Indomethacin induced growth inhibition. Survival of GLC4 and GLC4-Adr cells 48 h
after si-Luciferase or si-MRP1 transfection were compared. Data represent the mean ± SD of
three independent experiments (* P < 0.05).

under these conditions (data not shown).
Apart from a reduction in apoptosis also an increased survival
following indomethacin exposure was observed (ﬁgure 2). The IC50 for
indomethacin was 22.8 ± 2.6 µM in si-Luciferase transfected GLC4-Adr and
30.4 ± 5.1 µM in si-MRP1 transfected GLC4-Adr (P < 0.05). No differential
effect on cell survival was observed between GLC4 cells transfected with siLuciferase or si-MRP1 for indomethacin concentrations up to 100 µM.
Chapter 8

Effect of indomethacin on GSH levels
To investigate whether the protective effect of MRP1 siRNA to indomethacin
induced apoptosis is not only related to a reduction in MRP1 activity but
also to an effect on cellular GSH levels, we measured intracellular GSH
concentrations. GLC4 cells have a slightly lower although not signiﬁcant GSH
content of 9.9 ± 2.2 µg/mg of total cellular protein compared to GLC4-Adr
cells with 11.1 ± 6.1 µg/mg (P = 0.75).
Interfering with MRP1 function did not affect cellular GSH levels in
both cell lines. Firstly, down-regulation of MRP1 with si-MRP1 transfection
did not alter intracellular GSH content in GLC4 nor in GLC4-Adr. Secondly,
when cells were exposed to 50 µM of the speciﬁc MRP inhibitor MK571 for
2 h, GSH levels were not affected and no apoptosis was induced (data not
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shown). Indomethacin exposure alone however lowered GSH levels with 31.5
± 19.8% in GLC4-Adr cells (P < 0.05) and 20.6 ± 37.7% in GLC4 cells (P =
0.28) (ﬁgure 3).
To conﬁrm the relation between GSH levels and indomethacininduced apoptosis, cellular GSH levels were reduced with BSO in both
cell lines. As shown in Fig. 3, GSH levels were completely diminished after
BSO treatment in GLC4-Adr cells. This resulted in an increase in apoptosis

levels in GLC4-Adr cells treated with indomethacin in combination with BSO
compared to cells treated with indomethacin solely, for example from 14.1%
to 35.8% at 25 µM indomethacin (ﬁgure 4).
However, at higher indomethacin concentrations the relative increase
in apoptosis was less pronounced. Indomethacin in combination with BSO
did not induce apoptosis in GLC4 at these concentrations (results not shown).
These results suggest that at lower indomethacin concentrations GSH levels
are important determinants for MRP-dependent indomethacin-induced
apoptosis.

Figure 3. Relative GSH levels in GLC4 and GLC4-Adr cells. GSH intracellular concentration
was determined after 24 h BSO, 2 h MK571 or 2 h indomethacin exposure. GSH levels were
calculated as the relative concentration compared to untreated cells. Data represent the mean ±
SD of three independent experiments (* P < 0.05).
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Figure 4. Indomethacin induced apoptosis in GLC4-Adr after 24 BSO exposure (grey) or control
(white). Cells were exposed to indomethacin for 24 h. No apoptosis was observed in GLC4 (data
not shown). Data represent the mean ± SD of three independent experiments (* P < 0.05).
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Indomethacin-induced loss of mitochondrial membrane potential
Previously, we demonstrated that indomethacin-induced apoptosis in
GLC4-Adr was caused by caspase-8 as well as caspase-9 activation (De Groot
et al, 2005). The role of mitochondria in this indomethacin-induced apoptosis
in GLC4-Adr was, however, not established. Since GSH depletion can induce
oxidative stress resulting in activation of the mitochondrial apoptosis
pathway, we determined whether indomethacin-mediated apoptosis
induction coincided with loss of mitochondrial membrane potential in the
cells. Flow cytometry revealed that after indomethacin exposure for 24 h two
GLC4-Adr cell populations exist, a MitoTracker red® high and a MitoTracker
red® low population (ﬁgure 5). The presence of the MitoTracker red® low
population (41.8% at 100 µM of indomethacin) at 24 h suggests that loss of
mitochondrial membrane potential in GLC4-Adr occurs in conjunction with
apoptosis induction as at these indomethacin concentrations up to 67.3% of
apoptosis is induced.

131

Chapter eight

Figure 5. Flow cytometric analysis of intact mitochondria in GLC4 and GLC4-Adr cells after 24 h
exposure to indomethacin and stained with MitoTracker red®. Cells not exposed to indomethacin
were compared to cells exposed to 100 µM indomethacin. A representative example is shown.

Discussion
This is the ﬁrst study demonstrating that indomethacin can induce apoptosis
in an MRP1 overexpressing SCLC cell line partly through an MRP1 dependent
mechanism. Efﬁcient down-regulation of MRP1, as shown with the elevated
cellular level of the MRP1 substrate CF, resulted in less apoptosis and
concomitantly in an increase in cell survival following indomethacin exposure
in GLC4-Adr. Cellular GSH levels in GLC4-Adr cells were not affected by MRP1
down-regulation but were decreased by indomethacin exposure. In addition,
GSH depletion by BSO made GLC4-Adr cells more sensitive to indomethacin,
although this explains only part of the apoptosis inducing effect of
indomethacin. Mitochondrial membrane potential was lost simultaneously
with apoptosis induction indicating that the mitochondrial apoptosis
pathway is at least partly responsible for indomethacin-mediated apoptosis
in GLC4-Adr, which conﬁrms our previous ﬁnding that indomethacin-induced
132
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caspase-9 activation is important.
Indomethacin is a well-known glutathione S-transferase and a
cyclooxygenase inhibitor, but can also have an effect on MRP1 function
(Draper et al, 1997; Roller et al, 1999). Indomethacin not only increases
chemotherapy sensitivity through inhibition of MRP1 function, but also
stimulates GSH efﬂux in MRP1 overexpressing cell lines as was demonstrated
in polarized Madin–Darby canine kidney (MDCKII) cells (Evers et al, 2000).
Drug-induced GSH efﬂux through MRP1 has also been described for
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verapamil in baby hamster kidney-21 cells transfected with human MRP1
(Trompier et al, 2004). The GSH levels in GLC4 and GLC4-Adr are similar
but GSH turnover is much higher in GLC4-Adr due to its increased MRP1
expression (Meijer et al, 1991). In the present study, we demonstrated that
GSH levels in GLC4-Adr did not rise by 2 h exposure to indomethacin and
even slightly decreased in GLC4-Adr suggesting that indomethacin-induced
apoptosis in GLC4-Adr is partly caused by indomethacin-induced GSH efﬂux.
NSAIDs can be metabolized intracellular and the metabolites can
form reactive oxygen species. This last mechanism has been implicated
in NSAID idiosyncratic toxicity such as bone marrow toxicity or hepatitis
(Galati et al, 2002). These reactive oxygen species are inactivated by
mitochondrial GSH. In our model, cellular GSH levels slightly decreased
after indomethacin exposure. Moreover, the reduction of GSH levels by BSO,
a drug that speciﬁcally inhibits GSH production, increases indomethacin
mediated apoptosis in GLC4-Adr but not in GLC4. A decrease in GSH levels
alone can be an early activator of apoptosis, which has recently been
demonstrated in the B cell lymphoma cell line PW after BSO exposure
(Armstrong et al, 2002). GSH levels were also depleted in NCI-H889 SCLC
cells by the proteasome inhibitor MG132, which also resulted in apoptosis
in a caspase 8-dependent manner in these GSH-depleted cells (Bang et
al, 2004). However, mitochondria of GSH depleted cells also become more
sensitive to oxidative stress (Henry-Mowatt et al, 2004). Oxidative stress then
reduces mitochondrial membrane potential and induces the release of several
essential players of mitochondrial apoptosis pathway, such as cytochrome C
and apoptosis-inducing factor in the cytosol as well as activation of caspases
and apoptotic protease-activating factor-1 (Henry-Mowatt et al, 2004;
Kannan et al, 2000). Previously, we showed that by inhibition of caspase-9
apoptosis induction in GLC4-Adr cells is decreased by 44% suggesting that
the mitochondrial apoptosis pathway is important in indomethacin mediated
apoptosis (De Groot et al, 2005). In the present study, we demonstrated that
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indomethacin actually causes loss of mitochondrial membrane potential and
subsequently activates the intrinsic apoptosis pathway in GLC4-Adr cells.
Taken together our results indicate that indomethacin-induced apoptosis
in GLC4-Adr cells is dependent of MRP1 expression and also depends on
activation of the mitochondrial apoptosis pathway. Activation of this pathway
may further be enhanced by caspase-8 activation and Bid cleavage, which
we reported earlier for indomethacin-treated GLC4-Adr cells (De Groot et al,
2005).

Until now only few studies used siRNA to down-regulate a member of
the ABC family of transporters. A down-regulation of MRP1 and concomitant
loss of MRP1 function slightly decreased indomethacin sensitivity indicating
that MRP1 activity facilitates indomethacin mediated apoptosis. In addition
GSH depletion by BSO increases indomethacin mediated apoptosis. These
two ﬁndings indicate that MRP1 function and GSH metabolism are important
in indomethacin induced apoptosis. The exploitation of a chemotherapy
resistance factor such as MRP1 to induce apoptosis is a novel and potentially
interesting ﬁnding.
In the future identiﬁcation of MRP1 overexpressing tumours and
exposure of these tumours to combination therapies including indomethacin
may provide a novel approach in the treatment of MRP1-overexpressing
cancers.
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In this thesis we investigated whether multidrug resistance-associated
protein 1 (MRP1) levels in bronchi and parenchymal lung tissue are related
to chronic obstructive pulmonary disease (COPD) development. MRP1 is a
protective protein against toxic substances and oxidative stress in which
glutathione (GSH) plays a central role [1, 2]. MRP1 is highly expressed in
lung airway epithelium and might be important with respect to protection
against inhaled toxic substances. Development of COPD is highly related
to smoking and is, amongst others, characterized by an imbalance between
oxidants and antioxidants [3]. Diminished MRP1 function may therefore
predispose smokers to a higher susceptibility to COPD [4].
After the general introduction of this thesis, in chapter two, we
reviewed available knowledge on ATP-binding cassette (ABC) transporters
that are expressed in the lung and speculated about their potential role in
normal lung function but also in the pathological situation. So far, ABC
transporters have hardly been investigated in prevalent lung diseases such
as asthma and COPD. Three pulmonary diseases have been described
previously to be caused by mutations in ABC transporters, i.e. cystic
ﬁbrosis, Tangier disease and fatal surfactant deﬁciency. Several pulmonary
drugs are substrates for ABC transporters, thus, interindividual variation
in functional activity of these transporters is likely to affect drug treatment
of lung diseases. Amongst 20 different tissues, the lung and trachea were
identiﬁed to have high transcriptional activity for many ABC transporters
[5]. According to this survey of the literature, the most important ABC
transporters in bronchial epithelium are MRP1, P-glycoprotein (P-gp),
breast cancer resistance protein (BCRP) and cystic ﬁbrosis transmembrane
conductance regulator (CFTR). Conﬂicting results exist about MRP2, 3, 4 and
5. MRP1 is also present in bronchoalveolar lavage inﬂammatory cells (mainly
macrophages), goblet cells and possibly in alveolar type I cells. It remains
to be determined whether MRP2, 3, 4, 5, P-gp and CFTR are expressed
in alveolar type I cells. The most important ABC transporters in alveolar
type II cells are ABCA1 and ABCA3 and these proteins appear to play an
important role in the production of surfactant. Lung endothelial cells are
BCRP positive but results on P-gp are inconclusive. In summary, mutations
and polymorphisms in ABC transporters may have important clinical
consequences for development of lung diseases. Insight in the function of
ABC transporters in the lung may open new ways to facilitate treatment of
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lung diseases.
In chapter three, MRP1, P-gp and LRP (lung resistance-related
protein) protein expression was determined in lung sections of COPD patients
and controls in a semi-quantitative manner. We detected lower levels of
MRP1 in bronchial epithelium of COPD patients (n=11) compared to healthy
controls (n=8) and also lower MRP1 expression in severe and very severe
COPD (n=10) compared to mild and moderate COPD (n=9). P-gp and LRP
did not differ between groups. Expression levels did not correlate with lung
function parameters or pack-years smoked. These results indicate that
diminished MRP1 expression is indeed related to COPD and that lower levels
are related to more severe disease. It would be of great interest to investigate
a larger group of patients with disease severity from mild to severe to verify
our results and to investigate a potential relationship of MRP1 expression
levels with inﬂammation and remodeling markers pertinent to COPD
development.
In chapter four, we questioned whether MRP1 transcriptional
expression levels and functional MRP1 mediated transport differs between
bronchial epithelial cells derived from healthy and severe COPD lung tissue.
MRP1 expression is higher in bronchial epithelial cells from six healthy
donor lungs compared to the native lung from the same individual with
severe COPD who underwent lung transplantation. A comparable trend was
found for MRP1 activity which was analyzed in four patients. In addition,
both MRP1 expression and MRP1 activity correlated well in cells from the
native and donor part of the bronchi. This study is in line with the results
of chapter 2 in which we describe a higher MRP1 expression in biopsies of
healthy individuals compared to COPD patients. This approach provides the
unique opportunity to analyze differences in MRP1 expression in healthy
and COPD bronchi irrespective of external inﬂuences such as current smoke
exposure and use of medication. Thus, there are indications that a lower
MRP1 activity is related to development of COPD.
In chapter ﬁve, we aimed to determine whether absence of MRP1
and P-gp plays a role in vivo in cigarette smoke induced emphysema and
pulmonary inﬂammation. We found that the pulmonary inﬂammatory
response is reduced in lungs of Mrp1/Mdr1a/Mdr1b triple knockout (TKO)
mice after six months of smoke exposure compared to wildtype mice. This
was reﬂected by a reduction of inﬂammatory cells and reduced IL-8 levels
in lungs of TKO mice with a trend for reduced GM-CSF. It remains to be
investigated whether this effect is positive or negative with respect to lung
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diseases because inﬂammation contributes to the development of COPD,
but inﬂammation is also necessary for lung repair. Six months smoking did
not induce lung emphysema in neither wildtype nor Mrp1/Mdr1a/Mdr1b
deﬁcient mice. This may be due to a low susceptibility of this mice strain
(FVB mice) to develop lung emphysema. In further studies, more than six
months of smoke exposure would be recommended to induce emphysema
in these mice. Otherwise, it is suggested to backcross the TKO mice to
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a mouse strain that is more prone to develop emphysema. In addition,
smoke exposure of the Mrp1 single knockout mice and the P-gp (Mdr1a/1b)
knockout mice should be performed to unravel the contribution of the
separate efﬂux pumps by comparing the effects to wildype mice.
Since our data suggest that MRP1 expression is associated with
COPD, we set out to test whether cigarette smoke extract (CSE) affects
MRP1 mediated activity (chapter six). The in vitro effects of cigarette smoke
exposure have been analyzed in the bronchial epithelial cell line 16HBE14o. The main results were that CSE inhibits MRP1 functional activity and
that cell survival after CSE incubation is decreased when MRP1 activity is
blocked. In contrast, inhibition of P-gp and BCRP did not affect cell survival.
These data strongly suggest that MRP1 function is affected by smoking and
that MRP1 is important for cell survival to resist cigarette smoke toxicity.
If MRP1 is cytoprotective for lung function, it is of clinical interest to
investigate the effect of pulmonary drugs prescribed to COPD patients on
MRP1. Chapter seven describes the effects of COPD treatments on MRP1
functional activity in the bronchial epithelial cell line 16HBE14o-. Budesonide
inhibited MRP1 activity, whereas formoterol had no signiﬁcant effects.
Interestingly, simultaneous incubation of budesonide and formoterol resulted
in a lower MRP1 inhibition than budesonide alone. Clinical studies have
shown that treatment of COPD patients with a combination of corticosteroids
(e.g. budesonide) and long-acting beta-mimetics (e.g. formoterol) are capable
to reduce the number of exacerbations. Further research is necessary
to investigate whether the effects on MRP1 function contribute to these
observations that are beneﬁcial to COPD prognosis. With N-acetylcysteine
we found stimulation of MRP1 activity in a concentration dependent manner
and a similar tendency for ipratropium bromide. These results indicate that
with respect to MRP1, a combination of budesonide and formoterol could be
beneﬁcial for treatment of COPD patients compared to single treatment with
budesonide. In addition, the stimulation of MRP1 activity with ipratropium
bromide and N-acetylcysteine might be positive as well for treatment of
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COPD. Each investigated drug has its particular proven positive effects for
COPD patients; the results of our study on MRP1 function give additional
information on putative (side)-effects of these drugs, which should be taken
into account.
In chapter eight, it was studied if incubation with indomethacin,
a non-steroidal anti-inﬂammatory drug, can circumvent drug resistance
in an MRP1 overexpressing small cell lung cancer cell line. Small cell lung
cancer initially responds well to chemotherapy but often become resistant
at recurrence. Indomethacin is an inhibitor of MRP1 function. Surprisingly,
cells with low MRP1 expression were more resistant to indomethacin than
cells with high MRP1 levels, as determined with cell survival and apoptosis
assays. We found that indomethacin decreased GSH levels in MRP1
overexpressing cells. This was accompanied by a decrease in mitochondrial
membrane potential, and altogether made these cells less resistant against
cellular stress induction. This mechanism could potentially be exploited
for treatment of lung cancer in which either intrinsic or extrinsic multidrug
resistance caused by MRP1 overexpression plays a role.

Future perspectives
This is the ﬁrst study in which MDR proteins were investigated with respect
to their role in COPD development. The results of our patient studies, in vitro
experiments and animal studies, show a potential role for MRP1 (and maybe
P-gp as well) in COPD development and in the handling of cigarette smoke.
Further investigation is required to determine the underlying mechanisms.
Polymorphisms in the MRP1 gene locus have been identiﬁed and
this might lead to different MRP1 functional activity and thus to different
responses to certain drugs between individuals [6]. Until now, the
pharmacological implications and phenotypical consequences of individual
variations in MRP1 function are speculative [7, 8]. Recently, it was reported
that polymorphisms in MRP1 are associated with increased risk of ovarian
cancer [9]. It can be hypothesized that functional polymorphisms in MRP1
are related to development of COPD. Thus, it would be of great interest to
determine polymorphism frequencies in COPD populations compared to
individuals without pulmonary diseases. Another aspect is that interaction
with (protection against) oxidative stress factors can be studied. It is for
instance known that reduced fruit and/or vitamin intake is associated

142

Summary and future perspectives

with lower lung function, a characteristic of COPD. Thus gene-environment
interaction could be studied as to polymorphisms in MRP1 and dietary
habits. Furthermore the possibility can be explored whether MRP1 activity
is related to disease susceptibility, but also whether its function is related
to disease severity and/or progression. This is possible by association with
lung function decline, stage of COPD (airway versus parenchymal disease)
and inﬂammatory and remodeling markers. In addition, single nucleotide
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polymorphisms in other MDR proteins such as P-gp and BCRP would
be of interest in this respect because these transporters are also present
in high to moderate levels in human lungs. Other enzymes important in
detoxiﬁcation processes are members of the glutathione S-transferase (GST)
family. The function of GSTs is detoxiﬁcation of a broad range of substances
by conjugation to GSH, and many of these GSH-conjugates are transported
out of the cell by MRP1 [1]. Polymorphisms in GST genes are associated with
COPD and a rapid decline in lung function of smokers [10, 11]. Because
MRP1 and GST function are strongly related, it would be of great interest
to study whether polymorphisms in MRP1 are associated with development
of COPD and/or decline of lung function compared to individuals without a
history of pulmonary diseases and whether functional interaction between
GST and MDR genes enhances the effects of polymorphisms in these
individual genes.
At present, techniques used in genomics or proteomics are still
improving and can be of great use for further research. With a micro-array,
the expression of all 48 ABC transporters can be determined at the mRNA
level in one assay. In addition, mRNA expression levels of genes that are
involved in detoxiﬁcation, such as enzymes involved in oxidative stress (e.g.
GSH metabolism proteins) or enzymes from the cytochrome P450 family can
be measured. Patient materials (biopsies, primary cells) can be analyzed with
these techniques to compare mRNA or protein expressions with material
from healthy individuals. Using in vitro models by incubating lung cells
with smoke extract, identiﬁcation is possible of the genes (or proteins) that
are differentially expressed. The bronchial epithelial cell line 16HBE14o- is
very suitable for drug transport studies when compared to other cell lines
since its permeability properties are comparable to those reported in native
lung epithelial cells [12]. For example, 16HBE14o- cells form tight junctions
and have the ability to develop cilia under certain culture conditions. It was
already known that these cells express CFTR [13], and functional expression
of P-gp and LRP was studied as well [14]. In this thesis, the 16HBE14o- cell
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line was characterized for expression of MRPs and BCRP. We found that
MRP1 expression was very high in these cells, like in primary bronchial
cells. It would be of special interest to analyze expression of all known ABC
transporter proteins in these immortalized cells and to investigate which
proteins are affected by cigarette smoke by exposing cells to cigarette smoke
extract. For comparison, cancer cell lines and primary lung epithelial cells
can be used to validate the model. Thus, exposing these cells to cigarette
smoke, isolation of protein and RNA, and performing microarrays and realtime PCR will give insight in which (MDR) proteins, besides MRP1, play a role
in cigarette smoke detoxiﬁcation. Many substances in cigarette smoke are
carcinogenic or mutagenic. Therefore, the potential protective role of MRP1
in development of lung cancer would be of signiﬁcant interest besides its role
in COPD. Smoke exposure can be performed using cigarette smoke extract
(liquid smoke), as was applied in our study, or exposure to gaseous cigarette
smoke in an air-liquid interface experimental setup. Using 16HBE14o- cells
in this setup would be a good model because these cells are known to develop
cilia when they are grown in an air-liquid transwell system resembling the in
vivo natural situation [12].
RNA interference was used in the current thesis to downregulate
MRP1 expression in 16HBE14o- cells to study modulation of cigarette smoke
toxicity and effects on MRP1 functional activity. Another approach to unravel
the role of MRP1 and/or P-gp in detoxiﬁcation mechanisms of cigarette
smoke would be to isolate primary bronchial epithelial cells of lungs of Mrp1/
Mdr1a/1b triple knockout mice or the single knockout mice and incubate
these cells with cigarette smoke extract for analysis with ﬂow cytometry.
The advantage of this experiment is that these mice totally lack expression
of MRP1 instead of transient downregulation with RNA interference. In
this way, contribution of MRP1 can be studied by e.g. adding back MRP1
by transfection with MRP1 expression constructs. A major disadvantage is
that it is difﬁcult to culture these primary cells for more than three to ﬁve
passages. Also, it has to be taken into account that the permanent absence
of MRP1 (instead of a decreased function) may induce a non-physiological
situation by alterations of cellular detoxiﬁcation pathways and compensation
mechanisms. To investigate the direct and indirect effects on MRP1
expression of cigarette smoke, experiments with luciferase constructs for
the MRP1 promoter are invaluable. This system is also useful to determine
the effects of expression of trancription factors that regulate MRP1, such as
nuclear factor-E2 p45-related factor (NRF2).
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Animal studies are necessary to analyze the in vivo effects of smoking
on the cellular level in a controllable way. COPD animal models have been
developed to this aim. We used a model with mainstream, nose only smoke
exposure for 6 months, which has been succesfully applied in other studies
to investigate emphysema development [15]. Signiﬁcant alterations in
inﬂammation were detected in the lung but we were unable to objectivate
emphysema development with the commonly applied linear mean (Lm)
intercept method. This could be due to resistance of this mouse strain
(FVB) to develop emphysema, since it is well known that large inter-strain
differences exist with regard to COPD development. For further studies,
it is suggested to backcross MRP1 knockout mice to a mouse strain that
is more prone to develop emphysema such as C57Bl6/J or A/J mice to
assess whether emphysema can be induced in these mice. In this setting, it
is feasible to study treatment with drugs that e.g. intervene with oxidative
stress or stimulate MRP1 expression.
Not much is known about effects of other pulmonary drugs on
expression or activity of MRP1 or other ABC transporters [16, 17]. The antiinﬂammatory drug montelukast (a leukotriene receptor antagonist) blocks
the action of leukotrienes and relieves the symptoms of asthma. Interestingly,
montelukast functionally and structurally resembles the leukotriene
antagonist MK571, a very potent MRP1 inhibitor. In recent studies,
montelukast has been used for treatment of COPD patients in clinical trials.
This treatment had a positive anti-inﬂammatory effect and beneﬁcial effects
on hypertonic saline-induced airway responsiveness in COPD patients [18,
19]. Since montelukast is an MRP1 inhibitor, chronic treatment with this
drug in an experimental (animal) setting might further elucidate the relation
between MRP1 function and COPD (and possibly asthma [20]) development.
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In conclusion, lower MRP1 expression is related to COPD and pulmonary
inﬂammation. Cigarette smoke and several pulmonary drugs affect MRP1
activity. Further studies are required which might lead to therapy based on
genetic proﬁling to optimize treatment and to reduce negative (long-term) side
effects. However, to quit smoking is until now still the best therapy that can
be prescribed by pulmonologists in order to change the course of disease in
COPD.
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Nederlandse samenvatting (Dutch summary)
In dit proefschrift werd onderzocht of de expressie van multidrug resistanceassociated protein 1 (MRP1) in de bronchi en parenchym van de long
is gerelateerd aan de ontwikkeling van chronic obstructive pulmonary
disease (COPD). MRP1 beschermt tegen giftige stoffen en oxidatieve stress
waarbij glutathion (GSH) een belangrijke rol speelt [1, 2]. MRP1 komt
hoog tot expressie in luchtwegepitheel en zou belangrijk kunnen zijn bij
de bescherming tegen giftige stoffen die worden ingeademd. Ontwikkeling
van COPD is zeer sterk gerelateerd aan roken en wordt onder andere
gekarakteriseerd door een disbalans tussen oxidanten en anti-oxidanten
[3]. Een verlaagde functie van MRP1 zou daarom rokers gevoeliger kunnen
maken voor de ontwikkeling van COPD [4].
Na de algemene introductie van dit proefschrift werd er in hoofdstuk
twee een samenvatting van de literatuur geschreven over ATP-binding
cassette (ABC) transporters in de long. Er werd niet alleen gespeculeerd
over de normale rol van deze transporters in de long maar ook over hun
rol bij ziekteprocessen. Tot nu toe werd de rol van ABC transporters bij
het optreden van veel voorkomende longziekten zoals astma en COPD
nauwelijks onderzocht. Er zijn tot nu toe in de literatuur drie longziekten
beschreven die veroorzaakt worden door mutaties in genen van ABC
transporters. Dit zijn cystic ﬁbrosis, Tangier disease en surfactant
tekort na vroeggeboorte. Veel medicijnen die worden voorgeschreven bij
longaandoeningen worden getransporteerd door ABC transporters. Daarom
is het heel waarschijnlijk dat de activiteit van deze transporters van invloed
kunnen zijn op de behandeling van longziekten. Er is beschreven dat de
long en de trachea een hoge expressie hebben voor veel ABC transporters
[5]. Volgens dit literatuuronderzoek komen van alle ABC transporters
MRP1, P-glycoproteine (P-gp), breast cancer resistance proteine (BCRP) en
cystic ﬁbrosis transmembrane conductance regulator (CFTR) het hoogst tot
expressie in de longen en zijn dus waarschijnlijk functioneel het belangrijkst.
De resultaten van MRP2, 3, 4 and 5 expressie blijken tegenstrijdig te zijn
in dit literatuuroverzicht. De expressie van MRP1 blijkt ook hoog te zijn in
ontstekingscellen afkomstig van longwassingen (met name in de macrofagen,
slijmbekercellen en mogelijk ook in alveolaire type II cellen). Het is niet
bekend of MRP2, 3, 4, 5, P-gp and CFTR ook aanwezig zijn in alveolaire
type I cellen. De meest belangrijke ABC transporters in alveolaire type II
cellen zijn ABCA1 en ABCA3 en deze eiwitten blijken een belangrijke rol te
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spelen bij de productie van “surfactant”. Deze vloeistof is aanwezig over de
gehele binnenwand van de longblaasjes en is met name belangrijk om de
oppervlaktespanning intact te houden. De endotheelcellen in de long, die de
binnenbekleding van de vaten vormen, zijn positief voor BCRP maar het is
niet zeker of P-gp ook in deze cellen aanwezig is. Concluderend kunnen we
zeggen dat mutaties en variaties in genen van ABC transporters belangrijke
klinische consequenties zouden kunnen hebben voor de ontwikkeling van
longaandoeningen. Een beter inzicht in de functie van ABC transporters
in de long zou belangrijk kunnen zijn voor de ontwikkeling van nieuwe
behandelingen van longziekten.
In hoofdstuk drie werd de aanwezigheid van de transporters
MRP1, Pgp en LRP (lung resistance-related protein) bepaald in
longcoupes van COPD patiënten en gezonde controles met behulp van
immunohistologie. We vonden dat MRP1 in geringere hoeveelheden
aanwezig was in bronchusepitheel van COPD patiënten (n=11) vergeleken
met gezonde controles (n=8). Bovendien was MRP1 expressie minder sterk
in bronchusepitheel van COPD patiënten met (zeer) ernstig emfyseem
(n=10) vergeleken met COPD patiënten met mild tot matig emfyseem
(n=9). De aanwezigheid van P-gp en LRP was niet verschillend tussen deze
groepen. De expressie correleerde niet met longfunctieparameters of de
hoeveelheid sigaretten die gerookt werd uitgedrukt in “packyears”. Een
packyear roken betekent dat er gemiddeld 1 jaar lang elke dag 1 pakje
(=20) sigaretten werd gerookt. Deze resultaten tonen dat een verminderde
MRP1 expressie gerelateerd is aan de ernst van COPD. Als vervolgstudie
zou het interessant zijn om een grotere groep patiënten te onderzoeken, met
longfunctieafwijkingen variërend van mild tot zeer ernstig COPD om onze
resultaten te veriﬁëren. Vervolgonderzoek naar een potentiële relatie tussen
hoeveelheid MRP1 en ontsteking- of herstelparameters van de longstructuur
die betrokken zijn bij de ontwikkeling van COPD lijkt daarom interessant.
In hoofdstuk vier bestudeerden we of de hoeveelheid mRNA en
de activiteit van MRP1 verschilt tussen longcellen afkomstig van gezond
weefsel en afkomstig van ernstig COPD. MRP1 expressie was hoger in
bronchusepitheelcellen van zes gezonde donorlongen vergeleken met de
eigen long van dezelfde patiënt met ernstig COPD die een longtransplantatie
onderging. Een soortgelijke trend werd gevonden voor de MRP1 activiteit in
vier patiënten. Bovendien was er een sterke correlatie van zowel de MRP1
activiteit als de MRP1 expressie tussen het donor en ontvanger deel van
de luchtwegen. Deze studie is in overeenstemming met hoofdstuk twee,
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waarin we een hogere MRP1 expressie vonden in biopten van gezonde
individuen vergeleken met die van COPD patiënten. Deze benadering geeft
de unieke mogelijkheid om de verschillen in MRP1 activiteit te analyseren
in luchtwegen van gezonde personen en COPD patiënten, onafhankelijk van
externe invloeden zoals blootstelling aan roken en medicatiegebruik. Aldus
zijn er aanwijzingen dat een lagere MRP1 activiteit gerelateerd is aan de
ontwikkeling van COPD.
Het doel in hoofdstuk vijf was om te bepalen of de afwezigheid
van MRP1 en P-gp een rol speelt bij de ontwikkeling van emfyseem en
ontstekingsreacties in de longen. We vonden dat de ontstekingsreactie in de
longen is verlaagd in muizen die geen MRP1 en P-gp hebben, Mrp1/Mdr1a/
Mdr1b triple knockout (TKO) muizen genoemd, na zes maanden blootstelling
aan sigarettenrook vergeleken met gezonde “wildtype” muizen. Dit kwam
tot uiting in een zowel een verlaging van het aantal ontstekingscellen
als verlaagde hoeveelheid van het cytokine IL-8 in de longen van de TKO
muizen en een trend voor een verlaagde hoeveelheid GM-CSF. Er moet
nog verder onderzoek gedaan worden om te bepalen of dit een positief of
een negatief effect is voor de long aangezien ontstekingen bijdragen aan
de ontwikkeling van COPD, maar ontstekingen ook nodig zijn voor herstel
van de longstructuur. Zes maanden roken leidde niet tot inductie van
longemfyseem in zowel wildtype muizen als muizen zonder MRP1 en Pgp. Mogelijk is deze muizenstam (FVB) ongevoeliger voor het ontwikkelen
van longemfyseem dan andere muizenstammen waarbij na 6 maanden wel
emfyseem is aangetoond. In vervolgonderzoek is het aan te bevelen om de
FVB muizen langer dan 6 maanden te laten roken om emfyseem te kunnen
induceren. Een andere mogelijkheid is om deze muizen te kruisen met een
muizenstam die gevoeliger is voor inductie van emfyseem. Bovendien zouden
tevens muizen getest moeten worden die alleen Mrp1 of P-gp missen om te
kunnen onderzoeken of de effecten die we vonden toe te schrijven zijn aan de
afwezigheid van Mrp1 dan wel P-gp.
Aangezien onze resultaten suggereren dat een lagere MRP1 expressie
geassocieerd is met COPD, hebben we getest of sigarettenrookextract
de MRP1 activiteit beïnvloed (hoofdstuk zes). Hiervoor is een model
gebruikt waarbij geïmmortaliseerde bronchiale epitheelcellen (de cellijn
16HBE14o-) werden blootgesteld aan sigarettenrook die opgelost werd in het
kweekmedium. Het belangrijkste resultaat was dat sigarettenrookextract
de activiteit van MRP1 remt en dat de overleving van de cellen slechter was
wanneer de MRP1 activiteit werd geblokkeerd met een speciﬁeke remmer.
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Echter, wanneer P-gp en BCRP functie werden geblokkeerd, had dit geen
effect op de overleving van deze longcellen. De resultaten suggereren dat de
MRP1 functie beïnvloed wordt door roken en dat MRP1 belangrijk is voor de
overleving van longcellen die worden blootgesteld aan sigarettenrook.
Wanneer MRP1 inderdaad beschermend is voor het goed functioneren
van de longen, is het klinisch gezien ook van belang om te onderzoeken
of medicijnen die COPD patiënten krijgen voorgeschreven effect hebben
op de functie van MRP1. In hoofdstuk zeven wordt het effect beschreven
van verschillende COPD geneesmiddelen op MRP1 functie in de long cellijn
16HBE14o-. Het medicijn budesonide had een remmend effect op de MRP1
functie, terwijl formoterol geen signiﬁcant effect had. Een interessante
bevinding was dat wanneer budesonide en formoterol samen werden
toegevoegd, MRP1 minder geblokkeerd werd dan wanneer budesonide alleen
werd toegevoegd. In klinische studies werd aangetoond dat behandeling van
COPD patiënten met een combinatie van corticosteroïden (zoals budesonide)
en langwerkende beta-mimetica (zoals formoterol) het aantal exacerbaties
verlaagt. Verder onderzoek is nodig om te onderzoeken of MRP1 inderdaad
een rol speelt bij deze positieve klinische effecten. Met N-acetylcysteïne
vonden we een dosisafhankelijke stimulatie van de MRP1 activiteit en voor
ipratropium bromide werd een soortgelijke trend gevonden. Deze resultaten
geven aan dat een combinatie van budesonide en formoterol vergeleken met
budesonide alleen positief zou zijn voor behandeling van COPD wanneer naar
het effect op MRP1 gekeken wordt. Bovendien zou het stimulerend effect
van N-acetylcysteïne en ipratropium bromide op MRP1 ook positief kunnen
zijn voor de behandeling van COPD. Van ieder medicijn dat hier onderzocht
werd, is er een positief effect op behandeling van COPD aangetoond; de
resultaten van onze studie over het effect van medicijnen die gebruikt worden
bij COPD patiënten op MRP1 geven additionele informatie over de mogelijke
(bij)werkingen waar rekening mee gehouden zou moeten worden.
In hoofdstuk acht werd er onderzocht of indomethacine, een
ontstekingsremmer, resistentie voor geneesmiddellen kan omzeilen in
een kleincellig longkankercellijn die een hoge expressie heeft van MRP1.
Kleincellig longkanker reageert in eerste instantie goed op behandeling met
chemotherapie maar wordt vaak bij terugkomst van de tumor ongevoelig
voor deze behandeling. Indomethacine is een remmer van MRP1 functie.
Verrassend was dat cellen met een lage MRP1 expressie ongevoeliger waren
voor indomethacine dan cellen met een hoge MRP1 expressie. Dit werd
gevonden met zowel een experiment dat celoverleving als met een experiment
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dat geprogrammeerde celdood (apoptose genoemd) meet. We vonden dat
indomethacine de hoeveelheid glutathion (een anti-oxidant) verlaagt in cellen
die een hoge MRP1 expressie hebben. Dit ging gepaard met een verlaging
van de spanning over de membranen van mitochondrieën (belangrijke
zuurstofvoorzieners in de cel) en dit alles maakte deze cellen gevoeliger voor
inductie van cellulaire stress. Dit mechanisme zou van belang kunnen zijn
bij de behandeling van longkankerpatiënten waarvan de tumor ongevoelig
geworden is voor chemotherapie door een verhoogde aanwezigheid van MRP1
(geïnduceerd of natuurlijk aanwezig).

Toekomstperspectieven
Dit is de eerste studie waarbij er onderzoek werd gedaan naar de
rol van multidrug resistentie eiwitten in relatie tot ontwikkeling van
COPD. De resultaten van onze patiëntenstudies, in vitro experimenten
en proefdieronderzoek, laten een potentiële rol zien voor MRP1 (en
misschien ook P-gp) in de ontwikkeling van COPD en in het ontgiften van
sigarettenrook. Verder onderzoek is nodig om de onderliggende mechanismen
te bestuderen.
Er zijn polymorﬁsmen in het MRP1 gen locus geïdentiﬁceerd
die zouden kunnen leiden tot verschillen in MRP1 functie en zo ook tot
individuele verschillen tussen personen in respons op medicatie [6]. Tot nu
toe zijn de farmacologische implicaties en de gevolgen van interindividuele
verschillen in fenotype van MRP1 nog speculatief [7, 8]. Recentelijk is er
een associatie aangetoond tussen polymorﬁsmen in het MRP1 gen en een
verhoogd risico op ovariumkanker [9]. De hypothese is nu dat functionele
polymorﬁsmen in MRP1 zijn gerelateerd aan ontwikkeling van COPD. Het
zou daarom van groot belang zijn om de frequentie van polymorﬁsmen
in een grote groep COPD patiënten te vergelijken met individuen zonder
longaandoeningen. Een ander aspect dat bestudeerd kan worden is de
interactie met factoren die betrokken zijn bij (bescherming tegen) oxidatieve
stress. Het is bijvoorbeeld bekend dat een verminderde fruit en/of vitamine
inname is gerelateerd aan een verminderde longfunctie, een kenmerk van
COPD. Daarom zou een interactie tussen gen en omgeving (in dit geval
voeding) onderzocht kunnen worden in relatie tot ontwikkeling van COPD.
Bovendien kan er onderzocht worden of de MRP1 activiteit gerelateerd is
aan de gevoeligheid, maar ook aan de mate van ernst en ziekte progressie.
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Dit is mogelijk door een relatie te onderzoeken tussen longfunctie afname,
stadium van COPD progressie (aangedane luchtwegen versus parenchym)
en ontsteking en structuurkenmerken in de long. Bovendien zou onderzoek
naar polymorﬁsmen in MDR1 en BCRP genen ook interessant zijn aangezien
deze transporters ook in hoge tot redelijke hoeveelheden in de humane long
aanwezig zijn. Andere enzymen die belangrijk zijn bij ontgiftingsprocessen
zijn leden van de glutathion S-transferase (GST) familie. De functie
van GST eiwitten is de ontgifting van een groot scala aan stoffen door
conjugatie (koppeling) aan GSH en veel van deze conjugaten worden de
cel uit getransporteerd door MRP1 [1]. Polymorﬁsmen in GST genen zijn
geassocieerd met COPD en een snelle achteruitgang in longfunctie bij rokers
[10, 11]. Omdat de functies van MRP1 en GST sterk aan elkaar gerelateerd
zijn, zou het heel interessant zijn om te onderzoeken of de polymorﬁsmen in
MRP1 geassocieerd zijn aan ontwikkeling van COPD en/of achteruitgang in
longfunctie vergeleken met individuen zonder longaandoeningen. Bovendien
is het van belang na te gaan of de functionele interactie tussen GST en
MRP1 (en mogelijk andere multidrug resistentie genen) het effect vergroot
vergeleken met de polymorﬁsmen in deze afzonderlijke genen.
Op het moment zijn technieken die gebruikt worden in genomics en
proteomics nog steeds volop in ontwikkeling en kunnen van groot belang
zijn voor verder onderzoek. Met een microarray kan de expressie van
alle 48 ABC transporters bepaald worden op mRNA niveau in één assay.
Bovendien kan de mRNA expressie van genen bepaald worden die betrokken
zijn bij detoxiﬁcatie, bijvoorbeeld enzymen die een rol spelen bij oxidatieve
stress (b.v. GSH metabolisme eiwitten) of enzymen van de cytochroom
P450 familie. Patiëntenmateriaal (biopten, primaire cellen) kunnen worden
geanalyseerd met deze technieken om mRNA en eiwit expressie te kunnen
vergelijken met materiaal afkomstig van gezonde individuen. Door gebruik
te maken van in vitro modellen waarbij cellen met rookextract worden
geïncubeerd, kunnen genen (of eiwitten) geïdentiﬁceerd kunnen worden
die differentieel tot expressie worden gebracht. De bronchusepitheelcellijn
16HBE14o- is heel geschikt voor drugtransportstudies vergeleken met
andere cellijnen, aangezien de permeabiliteitseigenschappen vergelijkbaar
zijn met die van normale longepitheelcellen [12]. Bijvoorbeeld, 16HBE14ocellen vormen “tight junctions” en kunnen onder bepaalde kweekcondities
cilia ontwikkelen. Het was al bekend dat deze cellen ook CFTR tot expressie
brengen [13], en functionele expressie van P-gp en LRP is ook bestudeerd
[14]. In dit proefschrift werd de cellijn 16HBE14o- gekarakteriseerd voor de
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MRP’s en BCRP. We vonden dat MRP1 expressie hoog was in deze cellen,
zoals ook in primaire bronchusepitheelcellen. Het zou interessant zijn om
de expressie van alle ABC transporters die bekend zijn te analyseren in deze
geïmmortaliseerde cellen en te onderzoeken welke eiwitten beïnvloed worden
door sigarettenrook door deze cellen bloot te stellen aan sigarettenrook
extract. Ter vergelijking kunnen tumorcellijnen en primaire longepitheelcellen
gebruikt worden om het model te valideren. Het incuberen van deze cellen
met sigarettenrook, isolatie van eiwit en RNA en uitvoeren van microarrays
en kwantitatieve PCR zal inzicht geven in welke (MDR) eiwitten, naast MRP1,
een rol spelen spelen bij de detoxiﬁcatie van sigarettenrook. Veel stoffen
in sigarettenrook zijn carcinogeen of mutageen. Daarom is het van belang
om onderzoek te doen naar een potentieel beschermende rol van MRP1
in de ontwikkeling van longkanker naast de rol in COPD. Incubatie met
rookextract kan worden uitgevoerd met sigarettenrook extract (vloeibare rook)
zoals toegepast in onze studie, of door blootstelling aan sigarettenrook in een
lucht-vloeistof experimentele opstelling. Gebruik van 16HBE14o- cellen zou
in dit model een goede keuze zijn aangezien het bekend is dat deze cellen cilia
ontwikkelen wanneer ze worden gekweekt in een lucht-vloeistof transwell
systeem dat daarom beter vergelijkbaar is met de natuurlijke in vivo situatie
[12].
In dit proefschrift werd gebruik gemaakt van RNA interferentie
om de MRP1 expressie down te reguleren in 16HBE14o- cellen. Dit bood
de mogelijkheid het effect daarvan op de modulatie van toxiciteit van
sigarettenrook te bestuderen. Een andere benadering om de rol van MRP1
en/of P-gp in detoxiﬁcatiemechanismen van sigarettenrook te bestuderen
zou kunnen zijn het isoleren van primaire bronchusepitheelcellen van
Mrp1/Mdr1a/1b (en de afzonderlijke knockouts) deﬁciënte muizen en
deze te incuberen met sigarettenrookextract voor functionele analyse
met de ﬂowcytometer. Het voordeel van dit experiment is dat MRP1 in
deze muizencellen totaal afwezig is in plaats van gedeeltelijke en tijdelijke
downregulatie van MRP1 met RNA interferentie. Op deze manier kan de
bijdrage van MRP1 bestudeerd worden door bijvoorbeeld MRP1 expressie
weer te induceren met behulp van MRP1 expressie constructen. Een
belangrijk nadeel is dat het moeilijk is om deze primaire cellen meer
dan drie tot vijf passages te kweken. Ook moet er rekening gehouden
worden met de mogelijkheid dat totale afwezigheid van MRP1 (in plaats
van een verminderde functie) een niet-fysiologische situatie zou kunnen
creëren door veranderingen in cellulaire detoxiﬁcatiemechanismen en
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compensatiemechanismen. Om de directe en indirecte effecten van
sigarettenrook op MRP1 expressie te onderzoeken zijn luciferase constructen
voor de MRP1 promoter van grote waarde. Dit systeem kan dan gebruikt
worden om effecten op transcriptiefactoren te bepalen die de MRP1 expressie
reguleren zoals nuclear factor-E2 p45-related factor (NRF2).
Proefdieronderzoek is nodig om de in vivo effecten van roken te
onderzoeken op cellulair niveau op een gecontroleerde manier. Voor dit
doel zijn er proefdiermodellen voor COPD ontwikkeld. Wij hebben gebruik
gemaakt van een rookmodel via directe inademing van rook via de neus
voor 6 maanden, dat met succes was ontwikkeld voor toepassing in andere
studies voor het bestuderen van emfyseemontwikkeling [15]. Er werden
signiﬁcante veranderingen gevonden in inﬂammatie in de longen maar we
konden geen emfyseem ontwikkeling aantonen met de “lineaire gemiddelde
intercept” methode (Lm). Dit zou kunnen komen doordat deze muizenstam
(FVB) resistent is voor het ontwikkelen van emfyseem, aangezien het bekend
is dat er grote verschillen bestaan tussen muizenstammen wat betreft de
ontwikkeling van COPD. Voor verder onderzoek is het aan te bevelen om
MRP1 knockout muizen terug te kruisen met een muizenstam die gevoeliger
is om emfyseem te ontwikkelen zoals C57Bl6/J of A/J muizen, dit om
te bepalen of deze muizen emfyseem ontwikkelen. Met dit model is het
vervolgens mogelijk om te behandelen met medicijnen die invloed hebben op
bijvoorbeeld oxidatieve stress of die MRP1 expressie stimuleren.
Er is niet veel bekend over effecten van andere longmedicamenten
op expressie van MRP1 of andere ABC transporters [16, 17]. De
ontstekingsremmer montelukast (een leukotriëne receptorantagonist)
blokkeert het effect van leukotriënen en verlicht daarmee de symptomen
van astma. Montelukast lijkt functioneel en structureel op de leukotriëne
antagonist MK571, een zeer potente MRP1 remmer. In recente studies
werd montelukast toegepast voor behandeling van COPD patiënten in
klinische trials. Deze behandeling had een anti-inﬂammatoir effect en een
positief effect op de hypertonisch zout geïnduceerde luchtwegreactie in
COPD patiënten [18, 19]. Aangezien montelukast een MRP1 remmer is, zou
chronische behandeling met dit medicijn in een experimenteel proefdiermodel
verder inzicht kunnen geven in de functie van MRP1 op de ontwikkeling van
COPD (en mogelijk astma [20]).
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Concluderend kan gesteld worden dat een lagere MRP1 expressie in
luchtwegepitheel is gerelateerd aan door roken veroorzaakte ontsteking in
de long en aan de longaandoening COPD. Sigarettenrook en verschillende
longgeneesmiddelen hebben effect op de activiteit van MRP1. Verder
onderzoek is noodzakelijk hetgeen zou kunnen leiden tot een therapie die
gebaseerd is op een individueel genetisch proﬁel om behandeling te kunnen
optimaliseren en de negatieve (lange termijn) bijwerkingen te reduceren.
Echter, stoppen met roken is tot nu toe nog steeds de beste therapie die door
longartsen voorgeschreven kan worden om het verdere verloop van COPD te
veranderen.
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