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The multidrug resistance protein 1 (MRP1) encoded by
ABCCI was originally discovered as a cause of multidrug resis-
tance in tumor cells. However, it is now clear that MRP1 serves a
broader role than simply mediating the ATP-dependent efflux
of drugs from cells. The antioxidant GSH and the pro-inflam-
matory cysteinyl leukotriene C, have been identified as key
physiological organic anions effluxed by MRP1, and an ever
growing body of evidence indicates that additional lipid-derived
mediators are also substrates of this transporter. As such, MRP1
is a multitasking transporter that likely influences the etiology
and progression of a host of human diseases.

The ATP-dependent transport of solutes across membranes
against a concentration gradient is primarily mediated by mem-
bers of a superfamily of proteins known as the ATP-binding
cassette (ABC)? transporters. The evolutionary importance of
these polytopic membrane proteins is evident from their pres-
ence in all eukaryotic species as well as in bacteria and archaea
(1). In humans, the 48 ABC transporters are classified into
seven subfamilies (A through G) according to their relative
degrees of sequence homology. Subfamily ABCC is composed
of 12 proteins, at least nine of which collectively mediate the
ATP-dependent transmembrane efflux of multiple anticancer
drugs and other xenobiotics, their metabolites, and an array of
bioactive OAs, including multiple key signaling molecules (2).

The first of the nine drug-transporting human ABCC or
MRPs, MRP1, was cloned in 1992 (3, 4). Human MRP1 is
encoded by the ABCC1I gene on chromosome 16p13.1, which is
amplified at least 100-fold in the multidrug-resistant lung can-
cer cell line from which the mRNA was first isolated. Since
1992, MRPs, or MRP-like proteins, have been identified in all

This is an open access article under the CC BY license.

* This work was supported by Grants MOP-10519 and MOP-133584 from the
Canadian Institutes of Health Research.

" Queen’s University Bracken Chair in Genetics and Molecular Medicine and
Canada Research Chair in Cancer Biology. To whom correspondence
should be addressed. E-mail: spc.cole@queensu.ca.

2The abbreviations used are: ABC, ATP-binding cassette; CysLT, cysteinyl
leukotriene; CL, cytoplasmic loop; E,17BG, 17 B-estradiol 17-(B-b-glucuro-
nide); GPCR, G-protein coupled receptor; 4-HNE, 4-hydroxy-nonenal; LPI,
lysophosphatidylinositol; LTC,, leukotriene C,; MRP, multidrug resistance
protein; MSD, membrane-spanning domain; NBD, nucleotide-binding
domain; OA, organic anion; PG, prostaglandin; PGE,, prostaglandin E,; STP,
sphingosine-1-phosphate; TM, transmembrane a-helix; CL, cytoplasmic loop;
GS, GSH-conjugated; 8-azido-ATP, 8-azidoadenosine-5'-triphosphate.

30880 JOURNAL OF BIOLOGICAL CHEMISTRY

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 45, pp. 30880-30888, November 7, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

eukaryotes including plants, sea urchins, and yeast, but unlike
some other ABC subfamilies, ABCC proteins have not yet been
found in bacteria or archaea (5-7).

In the past two decades, the relevance of MRP1 in human
health and disease has been firmly established, and it continues
to be of considerable preclinical and clinical interest, largely
because of the diversity of drugs (xenobiotics) and physiological
molecules that are effluxed by this transporter. Solutes effluxed
by MRP1 include hydrophobic natural product antineoplastic
agents (e.g. vincristine, doxorubicin), and at present, MRP1 is
the only ABCC/MRP-related protein with a widely accepted
role in tumor multidrug resistance in clinical oncology. Ele-
vated MRP1 protein and/or mRNA levels have been confirmed
in many hematologic and solid tumors, and in some instances,
are predictors of poor response to chemotherapy (4,8 —11). The
strongest association of MRP1 with unfavorable clinical out-
come thus far has been in neuroblastoma (12). Considerable
effort has been expended in developing ways to circumvent
drug resistance to improve chemotherapy effectiveness in can-
cer patients, and numerous small molecules and other molec-
ular entities that target MRP1 for this purpose have been
described (for recent review, see Ref. 4).

MRP1 also plays a part in the efficacy (and toxicity) of drugs
used to treat nonmalignant diseases and transports various
antibiotics, opiates, antiviral agents, citalopram, and statins (4,
13-15). Knock-out Abccl ™~ mouse studies have established
that MRP1/Mrp1 can be an important determinant of drug dis-
position because of its presence in cells at the interface between
many tissues and the systemic circulation (i.e. blood-organ bar-
riers or pharmacological “sanctuary” sites). Thus, MRP1 has a
chemoprotective role in multiple tissues (4, 16 —18). Related to
the protective properties of MRP1 are the increasing number of
studies that report an association between the presence of cer-
tain ABCCI single nucleotide polymorphisms and the occur-
rence of adverse drug reactions. An important example is the
cardiotoxicity often experienced with anthracycline use in
adult and pediatric cancer patients (4, 19-21).

In addition to contributing to drug sensitivity and resistance,
MRP1 has been implicated in the etiology of a wide array of
human pathologies. Thus, MRP1 may play a part in inflamma-
tory and other immunological diseases, age-related macular
degeneration, cardiovascular disease, and certain neurological
disorders as well as tumor progression (4, 22—28). This poten-
tially broader role of MRP1 in human health and disease has
occurred in conjunction with a growing appreciation of its abil-
ity to mediate the efflux of bioactive OAs and regulating oxida-
tive stress (25, 29-31). Thus, solutes effluxed by MRP1 also
include hydrophilic conjugated xenobiotic and naturally occur-
ring OA metabolites. Notable examples of the latter include the
cysteinyl LTC, and the conjugated estrogen, E, 173G, as well as
reduced and oxidized glutathione (GSH and GSSG) (4).

Distinguishing Structural Features of MRP1/ABCC1

Typical mammalian ABC proteins comprise four domains,
which are often encoded as a single polypeptide (e.g. P-glyco-
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FIGURE 1. Topology of MRP1 and projections of amphipathic TM a-helices 6 and 17. A, shown is a schematic diagram of a predicted secondary structure
of MRP1/ABCC1. The positions of TMs 6, 10, 11, 16, and 17, which have been identified as containing key determinants of MRP1 substrate specificity, are
highlighted. Also indicated are CL5 and CL7, which contain amino acids involved in substrate specificity, proper folding, and plasma membrane trafficking, as
well as the transport mechanism of MRP1. B, shown are helical wheel projections of 18 amino acids of the amphipathic TM6 (in MSD1) and TM17 (in MSD2) of
MRP1.The clustering on one side of each TM helix of polar residues with side chains capable of H-bonding is indicated by the shaded curve. Highlighted on the
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protein) but are sometimes encoded as two polypeptides that
form homodimers (e.g. ABCG2) or heterodimers (e.g. TAP1/
TAP2). The 1531-amino acid MRP1 (and several ABCC
homologs) has a five-domain structure with two NBDs and 17
TMs in three MSDs (MSDO, MSD1, and MSD2) (Fig. 14). This
structure differs from that of a typical ABC protein that has six
TMs in each of two MSDs. The exact function of the NH,-
terminal MSDO in MRP1 remains uncertain and may well
depend on the cell type (e.g polarized epithelial cells versus
tumor cells) in which it is expressed (32, 33). The “pore” in the
membrane through which solutes (substrates) are effluxed is
formed by the 12 TMs that comprise MSD1 and MSD2. The
orientation of MSDO toward the “core” MSD1/MSD2 structure
of MRP1, as well as its influence on solute translocation
through MSD1 and MSD2, is poorly understood (34).

ATP-dependent Transport by MRP1

Transport by MRP1 (and other ABC transporters) is pow-
ered by the binding and hydrolysis of ATP, which facilitate the
necessary protein conformation changes that enable solute
translocation to occur. The NBDs each contain three key
motifs: the Walker A and B motifs characteristic of P-loop
ATPases and an “active transport” signature motif common to
all ABC proteins (1, 35). The two NBDs form a “sandwich”
dimer, and thus the two ATP-binding sites are effectively com-
posed of the Walker motifs of one NBD and the active transport
signature motif of the other (36). The ATP-binding sites of
MRP1 are functionally nonequivalent with NBD1 having a
higher affinity for ATP (but very low ATPase activity) (the so-
called “degenerate” site), and NBD2 exhibiting a greater capac-
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, which is particularly critical for LTC, and GSH transport (43, 51).

ity for ATP hydrolysis (the so-called “consensus” site) (3, 10, 35,
37). This marked functional asymmetry seems to be a distinc-
tive feature of ABCC proteins as well as several heterodimeric
transporters. Such asymmetry is much less pronounced in non-
ABCC full-length transporters such as P-glycoprotein and
homodimeric transporters such as ABCG2. The asymmetry of
the ABCC/MRP NBDs appears to be largely explainable by dif-
ferences in the canonical sequences and spacing of the three key
motifs (35).

Structural Determinants of Solute Transport by MRP1

The MSDs contain the greatest sequence divergence within
all ABC transporters, and an abundance of evidence indicates
that they largely (but not exclusively) dictate transporter sub-
strate selectivity (38 —40). In MRP1, the TMs of MSD1 and
MSD2 contain a higher frequency of polar amino acids than do
the analogous TMs of P-glycoprotein. In particular, the last two
TMs of MSD1 and MSD2 of MRP1 (TMs 10and 11 and TMs 16
and 17, respectively) are unusually amphipathic and contain a
high proportion of amino acids with hydrogen-bonding side
chains densely clustered on one side of the a-helix (Fig. 1B)
(40-42). The MRP1 TMs also contain a relatively high number
of ionizable amino acids, which is not expected because of the
energetically unfavorable environment of the membrane
bilayer for such residues (43). Multiple studies indicate that the
hydrogen-bonding capacity (and hence ability to form intrahe-
lical and interhelical ion pairs and hydrogen bonds) of the
amino acids in these TMs underlies their importance in the
substrate binding and transport properties of MRP1 (40,
42-45). The topologically comparable TMs of other OA-trans-
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porting ABCC proteins are similarly amphipathic, and many of
the functionally important polar/ionizable amino acids of
MRP1 are conserved (46—48). In contrast, the comparable
TMs of P-glycoprotein (i.e. TMs 5, 6, 11, and 12), although
containing key determinants of substrate specificity, are con-
siderably less amphipathic (41, 49), consistent with its inability
to transport hydrophilic OAs.

Amino acids in TMs other than TMs 10, 11, 16, and 17 have
also been implicated in the transport properties of MRP1, but
far less frequently (40). A notable example is Lys*** in the first
TM of MSD1 (Fig. 1B) (43, 50). Mutation of TM6 Lys** to an
opposite, neutral, or even same-charge amino acid completely
abrogates MRP1 binding of the high affinity physiological sub-
strate LTC,, but has virtually no effect on the binding or trans-
port of any OA substrate lacking a GSH moiety. Thus, it is
thought that MRP1 Lys®*? plays a direct role in the recognition
of the y-glutamate portion of GSH-containing substrates and
modulators (51).

Although it has been widely accepted that the drug-trans-
porting P-glycoprotein takes up its mostly hydrophobic sub-
strates from the plasma membrane (so-called “vacuum cleaner”
model) (52), it seems unlikely that this is the case for MRP1
because a substantial proportion of its substrates are relatively
hydrophilic OAs that are formed inside the cell by conjugation
reactions (see below). Therefore it is not surprising that various
cytoplasmic amino acids have been identified to be directly
involved in substrate binding and/or translocation by MRP1.
One interesting example is Pro''*° located close to the begin-
ning of CL7, which connects TM15 to TM16 (53). When
Pro''*° is replaced by Ala (or Leu or Val), the mutant protein
exhibits substantially increased levels of methotrexate and
E,17pBG transport, due to a change in K,,,,,, (39). This increase
is substrate-selective, however, because the transport of other
OAs (e.g. LTC,) by the P1150A mutant is unchanged. Studies
with *?P-labeled 8-azido-ATP also revealed changes in the
nucleotide interactions of the mutant that were evident during
E,17BG (but not LTC,) transport (39). The functional impor-
tance of MRP1 Pro'**° is conserved in its homologs, MRP2/
ABCC2 and MRP3/ABCCS3 (54), but the mechanism by which
this cytoplasmic mutation selectively “improves” the transport
of a subset of OA substrates is not well understood. Structural
studies may eventually be enlightening.

The CLs have roles in addition to their influence on substrate
specificity. For example, Ala substitution of several charged
amino acids in MSD1-CL5 and MSD2-CL7 causes misfolding
of MRP1 resulting in reduced levels of the transporter at the
plasma membrane (55-58). Although both CL5 and CL7 are
important, MSD1-CL5 and its bonding interactions with NBD2
appear to play a more pivotal role in the proper folding and
membrane trafficking and function of MRP1 than do the
domain-domain interactions involving MSD2-CL7 (56).

Finally, homology models of mammalian ABC proteins
based on structures of bacterial ABC transporters indicate that
the coupling of substrate translocation through the MSDs to
the ATPase (catalytic) activity of the NBDs is mediated by the
CLs at the interfaces between the two domains (36). In MRP1,
these are CL4 and CL5 in MSD1 and CL6 and CL7 in MSD2
(53). Particularly important are the short a-helical stretches of
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16 —18 residues within these CLs, now often referred to as the
“coupling helices” (35, 36). Thus, although originally thought to
serve simply as sequences that connect the TMs, it is now quite
clear that the CLs of MRP1 are involved not only in determining
its substrate specificity and its proper folding and stable expres-
sion at the plasma membrane but also in its transport
mechanism.

Conjugated and Unconjugated Drug and OA Transport
by MRP1/ABCC1

Although initial investigations of MRP1 mostly focused on
its role in cancer multidrug resistance, the discovery that it
could transport both conjugated and unconjugated OAs greatly
broadened its pharmacological and physiological relevance
(Fig. 2). The most studied OAs transported by MRP1 are those
formed by conjugation with GSH, glucuronide, or sulfate. Con-
jugated xenobiotic OAs are typically products of Phase II drug
metabolism, which are usually (but not always) nontoxic. Nev-
ertheless, they require active transport (so-called Phase III) sys-
tems to be effluxed from the cell in which they are formed to
enable their elimination from the body (59). Elimination of cer-
tain conjugated OAs, such as catechol metabolites, is particu-
larly critical because they may retain the electrophilic or redox
properties of their parent compounds, and thus their ability to
exert tissue toxicity (30, 59, 60). For example, 5-(glutathion-S-
yl)-N-methyl-a-methyldopamine and other GSH conjugates of
the psychoactive chemical known as “ecstasy” have been iden-
tified as the causative agents in the selective neurotoxicity
observed in abusers of this agent (60). These GSH conjugates
are transported by MRP1 (and MRP2) in vitro (61), although the
precise role of these transporters in the overall accumulation of
these toxic metabolites in the intact brain is yet to be
determined.

Perhaps the best characterized endogenous conjugated OA
substrates of MRP1 are the earlier mentioned GSH and glucu-
ronide conjugates, LTC, and E,173G, respectively (4, 17, 62,
63). In addition, the sulfated steroids estrone sulfate and dehy-
droepiandrostenedione sulfate are transported by MRPI.
Transport of the latter two conjugates is distinguished by its
dependence on GSH (64, 65). Several glucuronidated xenobiot-
ics are also dependent on GSH for their transport, but none of
the endogenous glucuronidated MRP1 substrates identified
thus far require this tripeptide (4, 31, 66 —68). The physico-
chemical properties that determine whether or not an OA will
require GSH for its transport by MRP1 remain a mystery.

Lipid-derived Signaling Molecules as Substrates of MRP1

The CysLT LTC, (and its extracellularly formed CysLT
metabolites leukotriene D, and leukotriene E,) are potent pro-
inflammatory molecules derived from arachidonic acid
through the 5-lipoxygenase/leukotriene C, synthase pathway
(69) (Figs. 2 and 3). CysLTs have roles in both innate and adap-
tive immune processes and exert their effects through interac-
tion with the GPCRs, CysLTR1 and CysLTR2, which are found
mostly in macrophages, mast cells, and the lung. In the airways,
they induce smooth muscle contraction and increase vascular
permeability and mucus secretion (70). The identification of
CysLTs as in vitro substrates of MRP1 was first demonstrated
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using an inside-out membrane vesicle transport system in 1994
(62). The conjugated double bonds in its lipid “tail” endow
LTC, with photolability, and this, together with its high affinity
for MRP1 (K,,,,,,, 100 nm), allows direct and highly specific pho-

tolabeling of MRP1 that is readily detected by autoradiography.
These properties of LTC, have greatly facilitated the biochem-
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ical and pharmacological characterization of MRP1. Studies in
Abccl™”" mice confirmed that LTC, was a physiologically rel-
evant substrate as these animals exhibited decreased inflamma-
tory responses consistent with impaired LTC, export (17). It
was suggested that MRP1 inhibitors might be developed that
could be useful in the treatment of inflammatory disorders,
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including those involving the airways such as asthma and
chronic obstructive pulmonary disease (17, 23). Unfortunately,
this has not turned out to be the case. However, more recent
genomic studies have indicated that certain ABCC1 polymor-
phisms may be associated with greater or lesser severity of
chronic obstructive pulmonary disease, as well as possibly
response of asthma patients to leukotriene modifiers (71, 72).

Other signaling molecules derived from arachidonic acid and
transported by MRP1, at least in vitro, include the GSH conju-
gates of the cyclopentenone PGs, prostaglandin A, (PGA,), and
15-deoxy-A“*'* PGJ, (Figs. 2 and 3) (73, 74). The unconju-
gated forms of these electrophilic PGs have multiple cellular
targets and exert both anti-proliferative and anti-inflammatory
effects. Their «,B-unsaturated carbonyl groups enable them to
covalently modify target proteins and react with GSH. Both
GS-PG conjugates are transported by MRP1 in vitro with rela-
tively high affinity (K,,,.,, ~0.9 and 1.4 um, respectively), and
GSH conjugation and subsequent MRP1-mediated efflux of
these PG conjugates protects cells from the cytotoxic effects of
their parent PGs. Unlike LTC,, however, it has not yet been
conclusively established that these GS-PGs are physiologically
relevant MRP1 substrates. The unconjugated PGE, has a satu-
rated cyclopentanone structure (and thus is less reactive), and
yet it is also transported by MRP1 (and MRP2) in vitro (75).
Studies in knock-out mice, however, suggest that the homolo-
gous MRP4 (ABCC4) is more likely to be the physiological
efflux transporter of this eicosanoid (76).

Like the class A and ] PGs described above, 4-HNE is a rela-
tively stable a,3-unsaturated electrophile produced by the per-
oxidation of polyunsaturated fatty acids in biological mem-
branes in tissues under oxidative stress (Fig. 3). Because it can
form adducts with DNA, proteins, and lipids, 4-HNE is both
genotoxic and cytotoxic, and is causally involved in several
human pathologies including cardiac and neurodegenerative
diseases as well as cancer (77). Cellular 4-HNE levels are regu-
lated through metabolism including its Phase II conjugation
with GSH. GSH-conjugated 4-HNE is an inhibitor of GST,
among other biological activities, and must therefore be
exported from cells, a process likely mediated by MRP1 (78). In
this way, MRP1, together with GSH, plays a protective role
against oxidative stress. GSH-conjugated 4-HNE can be further
metabolized to GS-1,4-dihydroxy-nonene and GS-4-hydroxy-
2-nonenoic acid, but the biological activities of these GSH con-
jugates are not yet well characterized, nor has their cellular
efflux by MRP1 been described (77, 79).

Two additional lipid-derived signaling molecules have been
recently proposed as MRP1 substrates, S1P and LPI (Figs. 2 and
3). These lysophospholipid mediators participate in a myriad of
cellular processes mostly through their actions on GPCRs, and
disruptions in their signaling pathways have been implicated in
an array of inflammatory, cardiovascular, neurological, and
malignant diseases (80—82). However, how these signaling
molecules are released from the cells where they are synthe-
sized so that they can act on their target receptors is poorly
understood, although it seems likely that multiple cell type-
specific mechanisms are involved.

In the case of S1P, Mitra et al. (83) observed decreased export
of this lipid mediator from mast cells after knocking down
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MRP1 with ABCCI siRNA and after exposing the cells to the
nonspecific MRP inhibitor MK-571. More recent studies indi-
cate that MRP1 mediates S1P efflux from rat uterine leiomy-
oma cells and mouse adipocytes (84, 85), and a role for MRP1 in
S1P-mediated signaling has also been suggested from studies
using brain and spinal cord capillaries isolated from Abccl "~
mice (86). Most of the activities of S1P are mediated through
activation of the GPCRs S1PR1-5 (S1P receptors 1-5), which
act in concert to regulate many key cellular processes in human
health and disease as ably reviewed elsewhere (81, 82).

Pineiro et al. (87) also used siRNA to knock down ABCC1
mRNA and observed a 50% reduction in LPI export from PC-3
human prostate cancer cells that was associated with decreased
proliferation. Consequently, they suggested that these cancer
cells synthesize and export LPI (via MRP1), which then acts in
an autocrine fashion to promote their own proliferation. LPI
has an extensive range of both nonreceptor-mediated and
receptor-mediated activities (80, 81). Most of its receptor-me-
diated effects occur via activation of the GPCR GPR55. GPR55
is also a metabolic regulator (88) and is proposed to have a
signaling role in synaptic circuits in the brain (89). Hence
MRP1-mediated LPI efflux has the potential to affect more
cellular processes than just tumor cell proliferation and
progression.

The ability of MRP1 to efflux the monophosphorylated lipids
LPI and S1P is somewhat unexpected because phosphorylated
OA transport is more typically associated with the four-domain
MRP1 homologs MRP4 and MRP5 (90). However, MRP4 and
MRP1 appear to share several OA substrates (e.g. PGE,, dehy-
droepiandrostenedione sulfate) (65, 75) despite their relatively
distinct structures, and it will be of interest to determine
whether S1P and LPI are also transported by MRP4. In this
regard, pharmacological inhibitors that can distinguish
between MRP1 and MRP4 may be useful (4, 91).

GSH and MRP1-mediated Transport

MRP1 was the first mammalian ABC transporter to be iden-
tified that requires GSH to efficiently transport some of its drug
and conjugated OA substrates, and it remains unusual (but not
unique) in this respect. Thus, unlike P-glycoprotein, MRP1-
mediated efflux of natural product anticancer drugs (e.g. vin-
cristine) is dependent on GSH, which is co-transported without
the formation of conjugates (Fig. 2) (4, 63, 92-94). As men-
tioned earlier, transport of several conjugated OAs also
requires GSH, but in these instances, GSH serves only a stimu-
latory role and GSH transport itself is not detected (4, 29, 95).

MRP1 can also mediate the ATP-dependent efflux of GSH
even in the absence of drugs or other xenobiotics, but thus far,
there is no evidence that under physiological conditions,
another endogenous metabolite is co-effluxed with GSH. The
affinity of MRP1 for GSH is low (K,,,.,., ~10 mm) but neverthe-
less is biologically significant because elevated GSH levels were
detected in organs of AbccI ™"~ mice (96), and cells expressing
elevated MRP1 often contain lower GSH levels (4, 29). GSH
efflux by MRP1 can be stimulated in vitro not only by the hydro-
phobic drugs mentioned above but also by other xenobiotics
and bioflavonoids (4, 97-99) (Fig. 2). In the case of apigenin,
this stimulation is associated with a remarkable 10-fold
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decreasein the K, ., of MRP1 for GSH, but the structural basis
for this change remains unknown (98). Bioflavonoids are
widely, if not always accurately (100), touted for their health
benefits. It is not clear, however, whether and how normal cells
(and tissues) could accrue a benefit from increased efflux of an
antioxidant such as GSH, and the physiological relevance of
bioflavonoid-stimulated MRP1-mediated GSH efflux is still
uncertain. On the other hand, flavonoid-induced GSH efflux
may be a way to sensitize cancer cells to antineoplastic agents
(4, 99).

Despite being known for almost two decades, these multiple
roles of GSH in the transport mechanism of MRP1 remain only
partly understood (4, 29, 30). Unlike other GSH-binding pro-
teins (e.g. GSTs), the sulthydryl-reducing thiol moiety of GSH is
not required for its interaction with MRP1 (94, 97). Thus, the
central Cys residue of the GSH tripeptide can be replaced with
a neutral amino acid (e.g Leu) or modified by alkylation (e.g.
S-methyl-GSH) and still retain its ability to stimulate drug and
OA transport (97). There is some evidence that GSH (and
S-methyl-GSH) cause a conformational change in MRP1 (spe-
cifically, its COOH terminus), but whether and how this change
is related to its transport activity is still unclear (95). MRP1-
mediated GSH efflux has been implicated as contributing to a
variety of human pathologies including retinal pigment epithe-
lial cell death associated with oxidative stress and age-related
macular degeneration, and ischemic stroke (24, 26, 30).

MRP1 may also be involved in transporting biologically
important GSH complexes, and in particular, those with NO, a
short-lived chemically reactive signaling and effector molecule
that exerts many of its varied physiological activities, including
vasodilation, by interacting with iron-containing proteins.
Given the short half-life of uncomplexed NO, and the need for
it to be exported to carry out its extracellular functions, mech-
anisms for NO storage and transport are critical. Thus, Rich-
ardson and colleagues (101) have proposed that cells can form
dinitrosyl-diglutathionyl-iron ((GS),-Fe-(NO),) complexes as
long-lived NO intermediates and have provided genetic and
pharmacological evidence that these complexes can be effluxed
from cells by MRP1 (Fig. 2). Further studies that more precisely
delineate the role of MRP1 in the actions of this important
chemical messenger are eagerly anticipated.

In addition to GSH (and GSH complexes), MRP1 can trans-
port the oxidized disulfide form of GSH, GSSG (Fig. 2) (102).
GSSG is known to inhibit several enzymes (e.g. adenylate
cyclase) while activating or stimulating others (e.g. aminolevuli-
nate synthase), and thus it can play a regulatory role in cell
metabolism. GSSG levels increase in cells under oxidative
stress, and the efficient removal of this molecule with pro-oxi-
dant activity is important for redox homeostasis (30). Unlike
GSH, GSSG does not stimulate the transport of other MRP1
substrates but rather inhibits it (102). Low GSSG levels are nor-
mally maintained in the cell by GSH reductase, but GSSG
export appears to be an alternative mechanism of removal. The
affinity of MRP1 for GSSG is relatively high (K., ~70 um)
(102), and in vitro and genetic studies indicate that MRP1-me-
diated GSSG efflux is physiologically relevant, particularly in
neural cells (103).
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Concluding Remarks

We have come a long way since MRP1 was discovered more
than 20 years ago during a search for causes of multidrug resis-
tance in tumor cells not associated with overexpression of
P-glycoprotein (3, 4). Much attention has remained focused on
the drug-transporting activity of MRP1 because of the prospect
of improving the responses of patients to antineoplastic agents
through the co-administration of MRP1 inhibitors (4). Recent
evidence that knowledge of ABCCI polymorphisms may have
some utility in predicting adverse drug reactions has enhanced
interest in the role of MRP1 in therapeutic efficacy and toxicity
(4). Within 5 years of its discovery, however, MRP1 was estab-
lished as being more than just a drug transporter when both in
vitro and knock-out mouse models revealed it to be the physi-
ological efflux pump of the pro-inflammatory LTC, as well as
reduced and oxidized GSH. Interest in MRP1 as a mediator of
the cellular efflux of these and other endogenous OAs has
grown as other lipid-derived ligands such as PGs, PG conju-
gates, and lysophospholipids have been identified as MRP1 sub-
strates. Whether these endogenous molecules exert their
effects directly, or through GPCRs and associated signaling cas-
cades, there is strong evidence that they are relevant and impor-
tant in multiple cellular processes. Many actions of these MRP1
substrates are still far from fully understood, but their involve-
ment in acute and chronic inflammation, cell metabolism, dif-
ferentiation, proliferation, survival, and cell-cell communica-
tion, all processes that influence a host of human diseases
including cancer, has been established. Thus, it seems clear that
MRP1 (and its genetic variants) has emerged as a multitasking
transporter that has critical roles in cell biology that are inde-
pendent of its function as a drug efflux pump, and thus it has the
potential to have a broader impact on human health and disease
that still remains to be fully appreciated.
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