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a  b  s  t  r  a  c  t

The  gastrointestinal  epithelium  functions  as a  selective  barrier  to absorb  nutrients,  electrolytes  and  water,
but at  the  same time  restricts  the  passage  into  the  systemic  circulation  of  intraluminal  potentially  toxic
compounds.  This  epithelium  maintains  its  selective  barrier  function  through  the  presence  of  very  selec-
tive and  complex  intercellular  junctions  and  the  ability  of  the absorptive  cells  to  reject  those  compounds.
Accordingly,  the enterocytes  metabolize  orally  incorporated  xenobiotics  and  secrete  the  hydrophilic
metabolites  back  into  the  intestinal  lumen  through  specific  transporters  localized  apically.  In  the  recent
decades,  there  has  been  increasing  recognition  of the  existence  of  the  intestinal  cellular  barrier.  In  the
present  review  we  focus  on the  role of  the  multidrug  resistance-associated  protein  2  (MRP2,  ABCC2)  in
Please cite this article in press as: M.R. Arana, et al., Physiolog
and activity of the drug transporter MRP2 in intestine. Impact o
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RP2 expression
RP2 regulation
RP2 physiology
RP2 pathophysiology

the  apical  membrane  of the  enterocytes,  as  an  important  component  of this  intestinal  barrier,  as well  as  on
its  regulation.  We  provide  a detailed  compilation  of  significant  contributions  demonstrating  that  MRP2
expression  and  function  vary  under  relevant  physiological  and pathophysiological  conditions.  Because
MRP2 activity  modulates  the a
orally,  their  therapeutic  efficac
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vailability  and  pharmacokinetics  of  many  therapeutic  drugs  administered
y  and  safety  may  vary  as  well.
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1. Introduction

1.1. Intestinal barrier and multidrug resistance-associated
protein 2 (MRP2, ABCC2)

1.1.1. Intestinal barrier
The intestinal epithelium is the largest and most significant

internal barrier against the external environment, acting selec-
tively to allow absorption of nutrients, electrolytes and water, while
maintaining an effective defense against the action of intralumi-
nal xenobiotics potentially harmful [1]. This function is dependent
on the integrity of complex intercellular junctions, which condi-
tion the paracellular route of entrance, and metabolizing enzymes
and efflux transporters, which condition the transcellular route of
entrance.

The paracellular pathway is defined by transport through the
gap between enterocytes, which is regulated by intercellular com-
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

plexes localized at the apical-lateral membrane junction and along
the lateral membrane [2]. The junctional complexes consist of three
components that can be identified at the ultrastructural level as
desmosomes, adherens junctions and tight junctions [3].

dx.doi.org/10.1016/j.phrs.2016.04.014
dx.doi.org/10.1016/j.phrs.2016.04.014
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
mailto:villanueva@ifise-conicet.gov.ar
dx.doi.org/10.1016/j.phrs.2016.04.014
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Fig. 1. Interplay between phase I/II metabolism and transport of drugs in the
enterocyte. Hydrophobic drugs may  freely access the cell by diffusion through
the apical membrane of the enterocyte. Although some drugs could interact
directly with ABC transporters to be extruded back into the lumen, they may
also suffer metabolic phase I transformations by cytochrome P450 (CYP) and sub-
sequent conjugation by phase II systems such as UDP-glucuronosyltransferase
(UGT), glutathione S-transferase (GST) or sulphotransferase (SULT). Finally, the more
ARTICLEPHRS-3142; No. of Pages 13
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Regarding the transcellular pathway, the compounds orally
ngested can be absorbed by passive diffusion or by specific
ransport systems. Among the influx transporters, peptide trans-
orter 1 (PEPT1/SLC15A1), carnitine/organic cation transporter 1
OCTN1/SLC22A4), organic anion transporting polypeptide 1A2
OATP1A2/SLCO1A2) and organic anion transporting polypeptide
B1 (OATP2B1/SLCO2B1), play a special role in intestinal xeno-
iotic absortion [4]. Once inside the intestinal epithelial cells
enterocytes), these compounds may  be metabolized by phase I
nzymes such as cytochrome P450 (CYP) members and/or phase
I conjugating enzymes such as glutathione S-transferase (GST;
C 2.5.1.18), UDP-glucuronosyltransferase (UGT; EC 2.4.1.17), and
ulphotransferase (SULT; EC 2.8.2.), in order to decrease compound
ydrophobicity [5]. Original compounds and their metabolites can
e further absorbed into the blood or lymph circulation with
ediation of absorptive transporters, such as multidrug resistance-

ssociated proteins (MRP) 1, 3, 4 and 5 (ABCC1, ABCC3, ABCC4,
BCC5 respectively), which are localized at the basolateral mem-
rane of the enterocyte [6]. The action of these transporters is
ventually counterbalanced by a concerted function of ATP-binding
assette (ABC) transporters expressed at the apical membrane,
hich return their substrates to the intestinal lumen [7]. The

rincipal efflux transporters are P-glycoprotein or multidrug resis-
ance protein-1 (MDR1/ABCB1), multidrug resistance-associated
rotein 2 (MRP2/ABCC2) and breast cancer resistance protein
BCRP/ABCG2) [6]. Thus, enzymes and apical membrane trans-
orters acting in tandem represent an efficient barrier against
enobiotics absorption while providing a mechanism for com-
ounds elimination from the body. This was already postulated by
enet’s group [8] with reference to the interplay between CYP3A
nd MDR1 and experimentally demonstrated for cyclosporine. Sim-
lar to the interaction between CYP3A and MDR1, conjugating
eactions products become MRP2 substrates for further secretion
nto the intestinal lumen. A generalization of these coordinated
ctions is illustrated in Fig. 1. This same figure also shows that
rugs and their metabolites can be alternatively absorbed into the
irculation. The balance between apical secretion and basolateral
bsorption is variable and probably dependent on the drug and the
elative expression of apical vs. basolateral transporters.

What follows is an update on the regulation of one of the
omponents of the intestinal barrier, MRP2, under physiological
nd pathophysiological conditions, with special emphasis in MRP2
xpression as well as the underlying mechanisms and functional
onsequences, when available.

.1.2. Intestinal multidrug resistance-associated protein 2
MRP2 is the second member identified in the now thirteen-

ember family of MRPs and serves as a prominent protective
echanism against intestinal absorption of xenobiotics. MRP2

s strategically localized at the apical membrane of enterocytes,
nchored to the actin cytoskeleton through ezrin/radixin/moesin
ERM) family of proteins. MRP2 and ERM members can inter-
ct to each other directly or through PSD-95/Drosophila discs
arge/Zonula Occludens-1 (PDZ) proteins. This interaction appears
o be crucial for MRP2 localization, stability and activity [9,10].

MRP2 shows maximal expression in the proximal small intes-
ine, decreasing to the distal ileum. Its expression is concentrated
t the tip of the intestinal villus, with lowest expression at the crypt
evel. The pattern of distribution of MRP2 is similar between rats
11] and humans [12] and coincides with the gradient of phos-
horylated ezrin along the gastrointestinal tract in rats, which also
ecreases from the proximal to the distal regions of the intestine
Please cite this article in press as: M.R. Arana, et al., Physiolog
and activity of the drug transporter MRP2 in intestine. Impact o
http://dx.doi.org/10.1016/j.phrs.2016.04.014

13].
As mentioned in the previous section, MRP2 substrates are gen-

rated by specific biotransformation enzyme systems. Consistent
ith this, distribution of MRP2 along the small intestine, the pri-
hydrophilic metabolites may  be actively secreted into intestinal lumen by ABC
transporters. Alternatively, drugs and their metabolites can be absorbed into the
circulation.

mary site of absorption of orally ingested xenobiotics, agrees well
with preferential phase II enzymes distribution. Even more, a gra-
dient in the activities of UGT and GST was also demonstrated along
the villus-crypt axis with the highest activities at the tip of the vil-
lus and the lowest at the crypt region [14,15]. Taken together, the
evidence suggests that phase II enzymes and MRP2 work coordi-
nately contributing to intestinal excretion of conjugated derivatives
of potentially harmful compounds.

Intestinal MRP2 is active in regulating the pharmacokinetics,
and consequently, the therapeutic efficacy of orally-administrated
therapeutic agents [16]. The restriction imposed to intestinal drug
absorption by MRP2 is part of the more universal feature of ABC
transporters, known as multidrug resistance (MDR). Several strate-
gies have been developed to revert MDR  [17], like the use of protein
inhibitors, monoclonal antibodies and antisense oligonucleotides
or interfering RNA. Reversion of MDR  targeting specifically MRP2
was not extensively studied, probably because most of the MRP2
substrates can also be transported by other ABC members, ren-
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

dering this kind of therapy futile. Regarding strategies directed to
overcome the restriction imposed by intestinal ABC transporters
towards drug absortion, the few studies available are mainly
directed to MDR1 [18,19]. However, in view of the clinical rele-

dx.doi.org/10.1016/j.phrs.2016.04.014
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Fig. 2. Transcriptional regulation of hMRP2 gene by cAMP. Intracellular levels of
cAMP may  increase in response to a variety of signals, which in turn leads to up-
regulation of hMRP2 protein in the apical membrane of the enterocyte. First, cAMP
activates cAMP dependent protein kinase A (PKA), releasing the catalytic subunits
(C)  from the regulatory subunits (R). PKA is then able to phosphorylate and activate
transcription factors, like c-JUN and ATF-2. Whether this activation is direct or indi-
rectly remains unknown. Phosphorylated c-JUN and ATF-2 then interact with each
other and the complex is recruited to the promoter region of hMRP2 gene. hMRP2
ARTICLEPHRS-3142; No. of Pages 13
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ance of MDR, including participation of MRP2, further studies are
arranted.

The expression and function of MRP2 can be regulated at tran-
criptional level, implying changes in mRNA synthesis rate due
o an action on MRP2 promoter, or at post-transcriptional level,
omprising complex regulatory processes with or without changes
n MRP2 mRNA levels [20]. Irrespective of the mechanism, MRP2
egulation may  be exerted by various endogenous and exogenous
ompounds, including drugs, nutrients and hormones, and may  also
ccur under specific physiological and pathophysiological condi-
ions [21].

.2. MRP2 transcriptional regulation

This kind of regulation is frequently mediated by nuclear recep-
ors activated by both endo- and xenobiotics that bind to response
lements within MRP2 promoter. This leads to an increase in MRP2
RNA synthesis, induction of MRP2 protrein synthesis and finally,

igher MRP2 activity. Among nuclear receptors, the pregnane X
eceptor (PXR, NR1I2) plays a major role in MRP2 transcriptional
egulation. It bears a promiscuous hydrophobic ligand binding
ocket that allows the interaction with agonists of different molec-
lar sizes and chemical structures, including drugs, environmental
oxicants and dietary contaminants (reviewed in [22]). PXR acts
s a heterodimer in combination with the retinoid X receptor
lpha (RXR�, NR2B1) and binds to sequences characterized by
irect or everted repetitions [23,24]. Under non-activating condi-
ions (i.e. in the absence of an agonist) PXR mainly interacts with
orepressor proteins, such as the silencing mediator of retinoid
nd thyroid hormone receptor [25] and the nuclear receptor core-
ressor proteins [26]. They mediate chromatin compaction and

n consequence, gene repression. Upon agonist binding, corepres-
ors dissociate from PXR allowing binding of coactivators like the
teroid receptor coactivator 1 [22,27]. Coactivators favor chromatin
ecompaction and couple spatially to the promoter and the tran-
criptional machinery, ultimately leading to an increase in gene
ranscription. Besides PXR, the constitutive androstane receptor
CAR, NR1I3), the farnesoid X receptor (FXR, NR1H4) and the liver

 receptor � (LXR�, NR1H3) have been shown to modulate MRP2
ranscriptionally through binding to response elements similar to
hose of PXR [24,28]. CAR is activated by drugs like phenobarbi-
al and valproic acid [29,30], FXR is activated by bile salts [24] and
XR� is activated by oxysterols [31,32].

In addition to hydrophobic compounds which bind to nuclear
eceptors, other xenobiotics act predominantly through binding
o membrane receptors or interaction with membrane proteins. In
hese cases, the signal pathway may  be associated to an increase in
denylyl cyclase activity and thus results in increased intracellular
AMP levels. The effect of sustained increases in intracellular cAMP
n intestinal hMRP2 expression was demonstrated by Arana et al.,
33]. In this study, differentiated Caco-2 cells, a cell line derived
rom colon cancer, were used to mimic  the human enterocyte
ehavior. Increased intracellular cAMP levels were first achieved
hrough incubation with the membrane permeable analogue dibu-
yryl cyclic AMP  (db-cAMP). Under these conditions a significant
nduction in hMRP2 protein and mRNA expression was observed.
he result was corroborated when cAMP was endogenously gen-
rated through incubation with the adenylyl cyclase activator
orskolin. hMRP2 induction resulted in increased chemoresistance
o 1-chloro-2,4-dinitrobenzene (CDNB) and increased efflux of
initrophenyl-S-glutathione (DNP-SG), a model substrate of MRP2

ormed by of CDNB glutathione conjugation. Reporter gene and
Please cite this article in press as: M.R. Arana, et al., Physiolog
and activity of the drug transporter MRP2 in intestine. Impact o
http://dx.doi.org/10.1016/j.phrs.2016.04.014

hromatin immunoprecipitation assays demonstrated an increased
inding of the transcription factors c-JUN and activating transcrip-
ion factor-2 (ATF-2) to a regulatory cluster containing activator
rotein-1 (AP-1) and cAMP response element (CRE) binding sites
transcription is enhanced and hMRP2 protein expression in the apical membrane
is  increased. c-JUN/ATF-2 complex may also induce the expression of c-JUN, thus
enhancing the formation of the complex.

within the hMRP2 promoter. This particular example of regula-
tion of hMRP2 gene transcription by an endogenous molecule is
illustrated in Fig. 2.

Besides the above described transcriptional mechanisms, the
study of hMRP2 promoter revealed binding sites for other tran-
scription factors like the nuclear factor erythroid 2- related
factor 2, the peroxisome proliferator activated receptor alpha,
CCAAT/enhancer-binding protein-� and hepatic nuclear factors
among others [34,35]. Although most of the transcription factors
and nuclear and membrane receptors mentioned in this section
were initially described in liver, a role of these factors in the medi-
ation of intestinal hMRP2 regulation by exogenous compounds
cannot be ruled out as they are constitutively expressed in intesti-
nal tissue [36].

1.3. MRP2 post-transcriptional regulation

MRP2 protein expression and activity can be regulated with-
out a concomitant modulation of the transcription rate. This
could be due to different mechanisms, namely post-transcriptional
(modifications in transport or processing of mRNA), translational
(modulation of protein synthesis) or post-translational (changes in
protein stability or localization, or substrate affinity). As an example
of post-transcriptional regulation, mRNA splicing has been shown
to be one of the causes underlying Dubin-Johnson syndrome,
characterized by a truncated or non-functional protein [37,38].
Regarding translational regulation, Jones et al. [39] described an
increased hepatic rMrp2 protein expression by pregnenolone-
16�-carbonitrile treatment or a decrease in pregnant rats, both
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

situations without changes in mRNA levels. Further works from
the same group demonstrated the presence of several rMrp2 tran-
scription initiation sites. The alternative use of these sites leads
to several 5′UTR (5′ untranslated region) in rMrp2 mRNA with

dx.doi.org/10.1016/j.phrs.2016.04.014
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ifferential translational efficiency [40,41]. A possible explanation
ould be the differential presence or absence of miRNA target
ites in the different 5′UTR fragments. For instance, the presence
f a miRNA target site in a particular 5′UTR could result in an

ncreased susceptibility to this miRNA and thus in reduced tran-
ational efficiency. On the contrary, the absence of the miRNA
arget site in an alternative 5′UTR may  result in a reduced sus-
eptibility to the miRNA and increased translational efficiency.
n addition, Werk et al. [42] described the presence of single
ucleotide polymorphisms in hMRP2 5′UTR which lead to differen-
ial suppression of hMRP2 expression by the miRNA-379. Finally,
s an axample of post-translational regulation, modifications in
MRP2 localization, e.g from the apical membrane to sub-apical
ompartments and vice-versa, impact directly on hMRP2 trans-
ort activity. Crocenzi et al. [43] widely described this process in
he liver, particularly in different physiological and pathophysio-
ogical conditions. Information about post-translational regulation
f intestinal MRP2 is scarce and restricted to a report by Nakano
t al. [44] showing internalization of rMrp2 in response to classic
rotein kinase C activation and with participation of ezrin de-
hosphorylation.

. Regulation of intestinal MRP2 under physiological
onditions

.1. Diurnal rhythmicity

Stearns et al. [45] studied the diurnal rhythmicity of rMrp2
xpression, among several other transporters, in rat jejunum. They
arvested jejunal mucosa at first time point denominated “Zeit-
eber Time 0” (ZT0 = lights-on at 7 am)  and subsequently at 3-h
ntervals over a 24-h period (ZT24) and performed quantitative
CR. Rhythmicity was assessed with the cosinor procedure (Cosi-
or Periodicity, downloaded from www.circadian.org) assuming a
eriod of 24 ± 0.1 h [46]. As result, they observed that rMrp2 mRNA
aries along the day, with the peak expression time (acrophase)
t ZT12. The variation between maximum and minimum levels
as 2.5-fold, estimated from the cosinor amplitude. According to

hese results, they concluded that rMrp2 and many drug trans-
orters display profound diurnal rhythms in transcription, which
ay  underlie diurnal rhythms in drug pharmacokinetics and have

 significant impact on diurnal changes in intestinal absorptive and
fflux capacity. However, they only studied expression at tran-
criptional level rather than at protein or functional level. Thus,
dditional studies describing potential changes on the protein
xpression and activity of rMrp2 are required to more properly
lucidate the impact on intestinal barrier function.

.2. Gender and hormonal regulation

Despite its relevance, there is very little information about the
nfluence of gender or sex hormones on intestinal MRP2 expres-
ion and function. However, important sex steroid hormones, such
s estradiol and its derivative estradiol-17�-d-glucuronide, ethinyl
stradiol and testosterone, which were shown to affect the expres-
ion and/or function of hepatic rMrp2 [47–49], could also be
mportant factors influencing the expression of intestinal MRP2.

With reference to gender-related differences, only MacLean
t al. [50] quantified the rMrp2 mRNA and protein expression by
-cm segmentation of the whole intestine from male and female
ats. They demonstrated that rMrp2 expression decreased along
Please cite this article in press as: M.R. Arana, et al., Physiolog
and activity of the drug transporter MRP2 in intestine. Impact o
http://dx.doi.org/10.1016/j.phrs.2016.04.014

he intestinal axis from proximal to distal parts in both genders,
s was also initially described by Mottino whenever for female rats
11]. Additionally, westernblotting detection of rMrp2 in the differ-
nt regions was of similar magnitude between genders, suggesting
 PRESS
Research xxx (2016) xxx–xxx

a similar efficiency in the handling of rMrp2 substrates along the
intestine. Respect to humans, there are several articles reporting
also a gradient of hMRP2 expression along the intestine [51–53].
They included the assessment of hMRP2 content in samples from
both genders, though the whole data were systematically grouped
and none of them looked for potential differences between genders.

During pregnancy and lactation stages important hormonal
changes are noted which mainly involve increased levels of estro-
gens, progestogens and lactogenic factors, such as prolactin. Their
action on detoxification systems could produce a variety of effects
which may  have important physiological, pharmacological and tox-
icological consequences. On this regard, we have demonstrated that
expression of rMrp2 protein as well as mRNA is preserved in small
intestine of pregnant rats with respect to control animals [54]. In
the same study we analyzed the capacity of enterocytes to secrete
DNP-SG through the apical membrane, a process that was  postu-
lated to be mainly mediated by rMrp2 [55]. We  analyzed DNP-SG
secretion in the proximal small intestine using the everted intesti-
nal sac model, where we  added CDNB and detected its derivative
DNP-SG in the mucosal compartment. Using this model we have
demonstrated that secretion of DNP-SG from the cell to the mucosal
compartment was the rate-limiting step of the overall process,
which did not differ between pregnant and controls rats, consis-
tent with preserved expression of rMrp2. Because metabolizing
enzymes and rMrp2 are down-regulated in liver during pregnancy,
secretion of conjugated derivatives across the apical membrane of
the proximal intestinal cells may  represent an alternative pathway
to prevent toxicity of xenobiotics, particularly those entering the
body orally. These data clearly indicate a differential regulation of
rMrp2 expression between liver and intestine. Posible explanations
are a different exposition to hormones such as estrogens between
the liver and the intestine or different tissue sensitivity to same
regulatory factors.

Food intake is greatly increased in post-partum rats (2–4 fold)
with respect to normal females, particularly at the latter stage of
lactation (14–21 days after delivery) [56,57]. This implies adap-
tation of the intestinal tract to satisfy the increased need for
absorption of nutrients, e.g. by increasing the mucosal surface.
The absorption by diffusion or mediated by uptake transporters
of dietary xenobiotics is also expected to increase resulting in
increased interaction with intestinal cells. A parallel increase in
rMrp2 expression may  represent a compensatory mechanism to
deal with increased exposition and consequent risk of toxicity.
Interestingly, the study of intestinal rMrp2 in post-partum period
demonstrated a significant increase in rMrp2 protein and mRNA
levels with respect to controls, being maximal at the latter stage of
lactation, in agreement with the maximal increase in food intake
and intestinal hypertrophy [56–58]. Analysis of CDNB metabolism
and transport in the everted sac model revealed that rMrp2-
mediated secretion of DNP-SG into the mucosal compartment
was also increased in jejunum from lactating rats in agreement
with the increased expression of rMrp2. In additional experiments
using the same model, we analyzed whether DNP-SG added to
the mucosal compartment is transported to the serosal compart-
ment in intestinal sacs from jejunum, ileum and colon of control,
pregnant and post-partum rats. This study could bring information
about whether DNP-SG, once secreted into the lumen, may  be reab-
sorbed, thus decreasing the efficiency of the secretory process. The
data indicated that transport of DNP-SG was  indeed significantly
decreased in jejunum from post-partum animals. It is possible that
the increased expression of rMrp2 in the proximal region of the
intestine in lactating rats contributes not only to facilitate secre-
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

tion but also to prevent reabsorption of the conjugated derivative
of CDNB from the lumen. In an attempt to elucidate the mechanism
responsible for the increased expression of rMrp2 post-partum,
we administered ovine prolactin to ovariectomized rats following

dx.doi.org/10.1016/j.phrs.2016.04.014
http://www.circadian.org
http://www.circadian.org
http://www.circadian.org
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 similar protocol that demonstrated to be efficient in increasing
epatic transport of bile acids [59] and to induce expression of
he Na+-taurocholate cotransport polypeptide [60] and hepatic and
ntestinal phase II enzymes [61–63]. We  failed to demonstrate any
ffect of ovine prolactin on rMrp2 expression and morphology of
he small intestine [54].

Alternatively, a possible candidate is glucagon like peptide 2
GLP-2), whose plasma levels are also increased during lactation
64]. This enterotrophic hormone can modulate morphology, func-
ion and integrity of the intestine [65] via its specific receptor,
LP-2R. GLP-2R is a transmembrane receptor protein belonging to

he G protein-coupled receptor family. GLP-2R is expressed mainly
n the proximal small intestine decreasing towards the distal small
ntestine. This expression pattern concides with that of rMrp2 and
ome conjugating enzymes. A potential mechanism of action of
LP-2 consists in GLP-2R activation, increased cAMP levels, cAMP-
ependent protein kinase (PKA) activation and increased CRE- and
P-1-dependent transcription [66–68].

We further evaluated the effects of GLP-2 exogenous admin-
stration on intestinal rMrp2 chemical barrier function and
emonstrated for the first time that GLP-2 administration up-
egulates rMrp2 expression [69]. Consistent with this, transport
ctivity was increased by GLP-2. These findings are of particular
elevance considering that GLP-2 exhibits trophic action and may
e critical to provide protection to the increased intestinal surface
gainst xenobiotic exposure and also in conditions of increased food
ntake as occur with the post-partum period. Whether GLP-2 may
lay an additional role in prevention of cell toxicity and chemical

njury under conditions of intestinal damage needs further explo-
ation. During development, GLP-2 is involved in the regulation
f growth and absortive functions of the intestine [65]. So it is
ossible to speculate that GLP-2 may  also regulate MRP2 during
evelopment.

.3. Human genetic polymorphisms

hMRP2 was reported [70] to show genetic polymorphism, an
dditional factor that can affect expression under physiological
onditions. Moriya et al. [71] examined whether single nucleotide
olymorphisms (SNPs) in the ABC transporter genes, including
MRP2, were associated with their respective mRNA expression

evels in duodenal enterocytes of 13 healthy Japanese volun-
eers. In this study, 5 mutations were analyzed: G1249A, C2302T,
2366T, G4348A and C-24T. Among these mutations, only C-24T
as detected in the 13 subjects. However, there was no remarkable

ffect on the relative concentration of hMRP2 mRNA. The authors
oncluded that known polymorphic mutations in the hMRP2 gene
nlikely condition gene expression.

However, it is not possible to rule out an impact on hMRP2 func-
ion. Bernsdorf et al. [72] confirmed that C-24T polymorphism was
either of relevance for the expression of hMRP2 nor affected the

ntestinal absortion of talinolol, a recognized MRP2 substrate, after
ts oral administration. Trdan Lušin et al. [73] studied the effects
f several efflux transporter genetic polymorphisms in women
ith osteoporosis, on both pharmacokinetic and pharmacody-

amic parameters of raloxifene, whose glucuronide derivatives are
nown MRP2 sustrates. In the case of hMRP2, the polymorphism
tudied was T3972C and the data obtained indicated no effect on
erum concentrations of raloxifene metabolites.

Haenisch et al. [74] investigated the allele frequency of the
MRP2 SNPs C-24T, A-23G, G1249A, C1446G, C1457T, C2302T,
2366T, G3542T, G3561A, T3563A, C3972T, G4348A, and G4544A
Please cite this article in press as: M.R. Arana, et al., Physiolog
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n 374 German healthy volunteers and evaluated the effect on
uodenal hMRP2 expression (mRNA and protein) and function.
hey found that the allele frequencies were 18.3% (−24T), 21.1%
1249A), 1.4% (1446G), 0.1% (3542T), 4.5% (3563A), 34.2% (3972T),
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and 4.4% (4544A). The authors demonstrated that none of the
SNPs investigated affected significantly duodenal hMRP2 mRNA
and protein content, except for C-24T which was weakly related
with lower protein content of hMRP2. Functional studies, evalu-
ated by the disposition of intravenously and orally administered
talinolol, demonstrated that only G1249A was  possibly associated
with higher activity of intestinal hMRP2. In spite of the reported
data, the true impact of hMRP2 SNPs on its expression and transport
function remains to better established.

3. Regulation of intestinal MRP2 under pathophysiological
conditions

3.1. Immunological and inflammatory diseases

Inflammation is a complex immunological reaction that can be
initiated by different stimuli, such as infection, trauma, malignant
growth or ischemia. An acute inflammatory response leads to the
release of pro-inflammatory cytokines either locally or systemi-
cally, in particular the tumor necrosis factor-� (TNF-�),  interleukin
1� (IL-1�) and interleukin 6 (IL-6), which are the major pro-
inflammatory cytokines in all animal species [75]. In mammals,
the increased expression of these cytokines is accompanied by a
down-regulation of nuclear receptors, such as FXR, PXR and CAR.
These nuclear receptors are involved in the regulation of biotrans-
formation enzymes and ABC transporters at the transcriptional
level [76,77]. Many reports have demonstrated that inflamma-
tion alters the expression of several drug ABC transporters in the
liver, including rMrp2/mMrp2 [78–82]. This regulation depends on
inflammatory cytokines, particularly IL-6 and IL-1� [80], possibly
involving PXR [24].

The inflammatory response is likely a shared component of
a variety of diseases. The first inflammation model assayed for
expression of intestinal MRP2, consisted in endotoxin-treated rats
[83]. After 24 h, inflammation was confirmed by measuring IL-6
mRNA levels, which were highly increased in jejunum sections.
In these same sections rMrp2 and PXR mRNA levels were signif-
icantly diminished; similar results were previously reported in the
liver [78–81]. Consistent with expression results, the authors found
that rMrp2 activity was diminished as well. The addition of MK571
(MRP specific inhibitor) in transport assays failed reduce rMrp2-
mediated transport. Considering that rMrp2 mRNA expression was
not completely suppressed, the authors conclude that another type
of regulation is likely involved, probably post-translational. Tomita
et al. [84] tested the same model of lipopolysaccharide-induced
inflammation in rats, although in this case the measurements were
made 8 h after the treatment. Inflammation state was  confirmed
by elevated IL-1� mRNA levels. As observed before [85,86], these
results agree with the notion that the intestinal mucosa exhibits an
acute phase response as shown for the liver. The results obtained
by Tomita et al. [84] regarding regulation of intestinal rMrp2 mRNA
and activity were in agreement with those of Kalitsky-Szirtes and
colleagues [83].

Haritova et al. [87] studied the expression of ABC transporters
in a pathogen exposure inflammation model, by infecting chick-
ens with Escherichia coli.  The authors observed that cMrp2 mRNA
distribution in healthy chickens is similar to that in mammalian
species and that infected chickens showed no significant change in
intestinal cMrp2 mRNA expression. Pazos et al. [88] also studied
the expression of hMRP2 in an inflammation model of infection.
In this case, intestinal epithelial cells were exposed to Salmonella
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

enterica serotype Typhimurium and hMRP2 protein expression and
activity showed a significant increase. In addition, Pazos et al. [88]
assayed the model in vivo by infecting mice with the same bac-
teria. Inmunohistochemistry of proximal colon sections suggested

dx.doi.org/10.1016/j.phrs.2016.04.014
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hat mMrp2 expression changes in the same manner as in their
n vitro model.The differences in the regulation of expression of

RP2 reported by Haritova et al. [87] and Pazos et al. [88] are due
o the presence of pathogenicity factors in S. Thyphimurium that up-
egulate MRP2 expression and not due to the inflammation process
tself.

Iida et al. [89] assayed a model of inflammation triggered by
ndomethacin. Indomethacin is known to stimulate the synthesis
f inducible nitric oxide synthase (iNOS) and IL-1� in the liver [90].

n this model, intestinal iNOS mRNA levels (jejunum and ileum)
ended to increase but showed no statistical significance. rMrp2

RNA expression was significantly down-regulated at the two
igher doses tested (5 and 7.5 mg/Kg) with no changes at the lowest
ose of indomethacin (1 mg/Kg), indicating dependence with dose
89].

Rheumatoid arthritis (RA) is a chronic disorder that primar-
ly affects joints and manifests with signs of inflammation, with
he affected joints being swollen, warm, painful and stiff. RA may
lso result in low red blood cell count and inflammation around
he lungs and heart. Rats treated with adjuvant manifest systemic
nflammation with increased levels of inflammatory cytokines after
he acute phase [91], thus representing a fairly good model for
uman RA. Uno et al. [92] and Kawase et al. [93] studied intestinal
BC transporters expression in RA inflammation model at 7 days for

he acute phase and 21 days for the chronic phase. Uno et al. [92]
easured mRNA levels and observed that jejunum rMrp2 mRNA
as significantly diminished after 7 days but not at 21 days. Simi-

ar time-dependent alterations were observed for PXR mRNA, but
ot for CAR mRNA, suggesting that PXR might be associated with
Mrp2 regulation in this model. Kawase et al. [93] found that rMrp2
rotein expression in membrane fractions of small intestine was
lightly increased 7 days after adjuvant treatment and a signifi-
antly decreased after 21 days. Taken together, these reports show

 clear dissociation between intestinal rMrp2 mRNA and protein
evels in response to adjuvant injection. The reason for such disso-
iation is unknown, but taking into account that activity is closely
ssociated to protein content, an impairment in rMrp2 transport
ctivity in this particular inflammatory condition is expected.

.2. Hepatic diseases

.2.1. Cholestasis
Cholestasis consists in bile flow impairment and consecuent

ccumulation of bile acids and bilirubin in the hepatocytes. Down-
egulation of activity of main canalicular ABC transporters was
ound to be involved [94], including MRP2 and the bile salt export
ump (BSEP/ABCB11). To ameliorate the impact of bile salt accumu-

ation, sinusoidal transporters associated with the uptake process
re down-regulated, whereas MRP3, associated with basolateral
ecretion, is up-regulated [95]. Cholestatic diseases have origin in
ifferent causes, namely, intrahepatic (like acute hepatitis, alco-
olic liver disease and primary biliary cirrhosis) or extrahepatic
gallstone formation, bile duct cancer, pancreatic cancer and pan-
reatitis). Several animal models, mainly murine, resemble human
holestatic liver injury. Examples are lipopolysaccharide-treated
ats (cholestasis of sepsis), estrogen-treated rats and bile duct liga-
ion also in rats. These experimental models were initially applied
o the study of drug transporters in the liver. Interestingly, in all
ases a down-regulation of rMrp2 was shown [96–98]. In contrast,
n up-regulation of renal rMrp2 was observed in some of these
ases [99–102]. Intestinal rMrp2 expression during cholestasis was
rst studied in the bile duct ligation (BDL) model by Dietrich et al.
Please cite this article in press as: M.R. Arana, et al., Physiolog
and activity of the drug transporter MRP2 in intestine. Impact o
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103], Kamisako and Ogawa [104], and Villanueva et al. [102]. All
hese groups found a decrease in rMrp2 intestinal expression. Diet-
ich and colleagues [103] evaluated intestinal rMrp2 protein and

RNA expression in rats 3 and 7 days after BDL surgery and found
 PRESS
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a decline at both levels. The reduction observed for protein levels
was faster and more pronounced than that of mRNA levels. There-
fore the authors hypothesized that intestinal rMrp2 expression was
regulated during obstructive cholestasis, not only by a slow tran-
scriptional down-regulation, but also by a rapid down-regulation,
presumably mediated by post-transcriptional mechanisms. Diet-
rich et al. [103] also evaluated intestinal hMRP2 expression in
patients with obstructive cholestasis. As observed in rat studies,
cholestasis in humans led to down-regulation of hMRP2 protein
in the proximal intestine. Nevertheless, mRNA levels of hMRP2 in
the same patients did not show any differences, suggesting a dif-
ferent mechanism of regulation than in rats. This species-related
difference was also reported for liver, as obstructive cholesta-
sis decreased MRP2 mRNA in rats [96] but not in humans [105],
whereas protein content was  significantly reduced in both species.
Dietrich et al. [103] also identified IL-1� as the central mediator
for transcriptional regulation of intestinal rMrp2 during bile duct
obstruction and discarded a role for accumulation of biliary com-
ponents in serum as responsible for such regulation.

Similar observations were made by Villanueva et al. [102], who
evaluated rMrp2 protein levels in rats 1, 7 and 14 days after BDL
surgery. One day after BDL the attenuation of rMrp2 protein levels
was not detected, however a significant reduction was observed
7 days after BDL, which was maintained for 14 days. rMrp2 function
as a membrane barrier was  also determined and found to be signif-
icantly reduced. In contrast, Kamisako and Ogawa [104] observed
that intestinal rMrp2 mRNA expression remarkably decreased
1 day after BDL and recovered to control values 3 days after BDL.
They did not explore the mechanism or provide an explanation
respect to the differences with the study by Dietrich et al. [103].
The different strain of rats or chow used to feed them could be
potential explanations.

Estrogens can cause reversible intrahepatic cholestasis in
humans and animals, attributed to decreased expression and activ-
ity of the canalicular BSEP and MRP2 [96,106] and concomitant
impairment of bile flow formation [94,107]. This pathology could
be associated with pregnancy and oral-contraceptive use, but can
also be induced by estrogen antagonists (e.g., tamoxifen), andro-
genic anabolic steroids and estrogens in men  receiving prostatic
cancer treatment [94]. Administration of the synthetic estrogen
ethinyl estradiol to rats constitutes a model of estrogen-induced
cholestasis [94]. Alternatively endogenous estrogen metabolites
such as estradiol-17�-d-glucuronide can also exert cholestatic
effects [108,109]. Kamisako and Ogawa [104] assayed a model of
estrogen-induced cholestasis, treating rats with ethinyl estradiol
for 5 days, and found no difference in rMrp2 mRNA levels in the
liver or the intestine. In addition, Arias et al. [110] used this same
model and measured not only mRNA levels but also protein levels
and activity of intestinal rMrp2. They showed that rMrp2 mRNA
levels did not change after ethinyl estradiol treatment, but protein
levels were considerably diminished. These results indicate that
this regulation probably occurs at the post-transcriptional level.
Studies of immunofluorescence confocal microscopy also showed
a decrease in rMrp2 without changes in its apical localization.
Accordingly, rMrp2 activity measured by DNP-SG transport was
substantially decreased, whereas intestinal absorption of DNP-SG,
inversely associated with MRP2 function, was  largely increased
after ethinyl estradiol treatment.

Taken together, the reports found in the literature on cholestasis
coincide in demonstrating down-regulation of protein expression
and activity of intestinal MRP2, independently of the disease or the
species analyzed. This is not the case for mRNA expression, since
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

obstructive cholestasis seems to regulate MRP2 at the transcrip-
tional level in rats but at the post-transcriptional level in humans.
Finally, the effect of ethinyl estradiol was only evaluated in rats and

dx.doi.org/10.1016/j.phrs.2016.04.014
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emonstrated that the down-regulation of intestinal rMrp2 occurs
t the post-transcriptional level.

.2.2. Hepatic failure
Liver injury can result from infection (viral hepatitis), surgical

esection or exposure to toxic compounds. Partial hepatectomy in
ats constitutes a fitting model for the study of liver injury since
he substantial loss of liver mass is associated with impairment
n the overall metabolic and secretory function even if cell func-
ion is preserved. It was reported that hepatic rMrp2 expression
emains unaltered after two-third hepatectomy [111,112]. In con-
rast, rMrp2 activity in proximal jejunum increased significantly
ne day after partial hepatectomy and returned to control values

 days after the surgery [113]. Surprisingly, protein expression and
ocalization of rMrp2 remained unchanged [113]. This discrepancy

ay  be explained considering that, as a result of the reduced liver
ass, an augmented proportion of CDNB available systemically

robably reaches extrahepatic tissues. Additionally, CDNB conju-
ation is increased as a result of increased GST activity [113]. The
vidence indicates that as a consequence of decreased liver mass
here is more MRP2 substrate (DNP-SG) available to be transported
y intestinal rMrp2.

Acute hepatic failure can be induced experimentally by CCl4
esulting in hyperbilirubinemia [114–116]. Yokooji and colleagues
117] examined the effect of bilirubin treatment on intestinal trans-
ort of DNP-SG in an in vitro model. Bilirubin addition significantly
ecreased the DNP-SG efflux in rat jejunum. The suppression of
NP-SG efflux in jejunum was also observed after intravenous
dministration of bilirubin in an in vivo model [117,118]. These
esults suggested that diseases accompanied by hyperbilirubine-

ia  might modulate the intestinal rMrp2 function in vivo. Yokooji
t al. [119] examined the effect of CCl4-induced acute hepatic
ailure on the intestinal expression and function of rMrp2 in the
ntestine. After 24 h rMrp2 protein expression and function in
ejunum was significantly decreased, whereas after 48 and 120 h
t was partially and almost completely recovered, respectively.

.2.3. Wilsonśıs disease
The hepatolenticular degeneration commonly known as Wil-

on’s disease, is a hereditary, autosomal recessive disorder which
ccurs to about one of every 40,000 people [120,121]. The Long-
vans Cinnamon (LEC) rats are deficient in the Wilson’s disease
ene, ATP7B, and show biochemical features that are very similar
o those found in human [122,123]. Chiba et al. [124] investigated
he expression of intestinal ABC transporters in LEC rats. rMrp2
xpression was decreased in jejunum at mRNA and protein levels
hen compared to Wistar rats considered as controls. However,

Mrp2-mediated efflux of pravastatin did not change in LEC rats
n spite of decreased rMrp2 expression. Serosal-to-mucosal per-

eation of mannitol across the jejunum was significantly higher
n LEC rats. The authors speculated that this is probably caused
y the smaller thickness of the muscle layers. This would also
ffect pravastatin permeation and would compensate its decreased
Mrp2-mediated efflux, so that no changes were observed in
erosal-to-mucosal pravastatin permeation between groups. How-
ver, it is not expected that the thickness of muscle layer influences
rug permeation and in consequence, the reasons for dissociation
etween expression and efflux activity in LEC rats remain unex-
lained.

.3. Intestinal diseases
Please cite this article in press as: M.R. Arana, et al., Physiolog
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.3.1. Colorectal cancer
Colorectal cancer (CRC) represents the third most commonly

iagnosed cancer and one of the main causes of cancer-related
eath in Western countries [125]. ABC transporters are often up-
 PRESS
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regulated in various tumor types and result in increased drug
efflux, generating resistance to some anticancer chemotherapeutic
agents [126]. Several articles report on ABC transporters expression
in colorectal carcinoma tissues from patients. Regarding hMRP2,
Hinoshita et al. [127] and Hlavata et al. [128] measured the mRNA
levels in CRC biopsies from patients and compared them with
noncancerous regions from the same patients. Although normal
colorectal mucosa showed very low or no hMRP2 mRNA expres-
sion both articles agree that hMRP2 is significantly up-regulated in
CRC tissue. Andersen et al. [129] corroborated these previous find-
ings and further demonstrated that not only CRC tissues presented
higher levels of hMRP2 mRNA than noncancerous region from the
same individual but also from healthy patients. In contrast, Naka-
mura et al. [130] and Ballestero et al. [131] reported that hMRP2
mRNA levels were barely detected either in CRC biopsies or in its
surrounding normal tissue. In spite of these latter studies, most of
the evidence supports the idea of increased expression of hMRP2
mRNA in CRC with respect to the normal situation.

Andersen et al. [129] also assessed the levels of hMRP2 mRNA
in patients with adenomas presenting mild or severe dysplasia. No
statistically significant differences were observed for hMRP2 mRNA
levels between adenomas and samples from healthy patients. This
is in accordance with the data reported by Ballestero et al. [131] who
found low and similar hMRP2 mRNA levels between normal and
polyp tissues. Regarding hMRP2 protein expression, Dietrich et al.
[132] found low hMRP2 levels in biopsies obtained from patients
with adenoma, which were similar to the levels detected in its sur-
rounding normal tissue. Similar findings were reported in murine
models.

3.3.2. Inflammatory bowel disease
Inflammatory bowel disease (IBD) is a group of inflamma-

tory autoimmune diseases that involve the gastrointestinal tract.
Crohn’s disease and ulcerative colitis are the principal types of
inflammatory bowel disease. Ulcerative colitis (UC) is a relapsing
non-transmural inflammatory disease that is restricted to the colon
[133]. Crohn’s disease (CD) is a relapsing, transmural inflamma-
tory disease of the gastrointestinal mucosa that typically involves
discontinuous portions of the entire gastrointestinal tract and the
development of complications like strictures, abscesses, or fistulas
[133]. Langmann et al. [134] studied the expression of ABC trans-
porters in non-inflamed mucosa samples from terminal ileum and
colon transversum belonging to patients with UC or CD. hMRP2
mRNA expression was decreased with respect to healthy patients.
Nuclear receptor PXR was strongly reduced and even absent in
some patients with UC. Englund et al. [135] analyzed samples from
the colon and rectum of patients with UC, which showed increased
levels of IL-1� and IL-6 mRNA. hMRP2 mRNA expression levels
showed no difference respect to healthy patients. It should be kept
in mind that the intestinal sections used in both reports represent
regions where MRP2 expression is normally low. In contrast, Pazos
et al. [88] examined colonic sections from patients with UC and CD
by immunohistochemistry and observed an increase in hMRP2 api-
cal expression. This would be consistent with data of up-regulation
under conditions of inflammation due to bacterial infection.

Greger et al. [136] studied inflammatory chronic diseases
common in dogs, called inflammatory bowel disease and food
responsive diarrhea [137]. Samples for measurements of mRNA
levels were taken from duodenum and colon, and both diseases
showed an increase in dMrp2 expression.

Based on the scarce information found in the literature it is not
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

possible to generalize on the effects of bowel inflammatory diseases
since no changes, or even opposite variations, were found depend-
ing on where the samples were taken from and, more importantly,
on the etiology of the disease.

dx.doi.org/10.1016/j.phrs.2016.04.014
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.3.3. Ischemia-Reperfusion conditions
Intestinal ischemia-reperfusion (I/R) is a common clinical com-

lication during small bowel transplantation, circulatory shock,
nd strangulation of the ileum. Ischemia is a restriction in blood
upply to tissues, causing a shortage of oxygen and glucose, result-
ng in damage or dysfunction of the tissue. Reperfusion consists in
he return of the blood circulation to the tissue after ischemia. This
an cause inflammation and oxidative stress, resulting in reper-
usion injury. Ogura et al. [138] observed that rMrp2 mRNA and
rotein levels were decreased 6 h after I/R in the jejunum, but were
ot significantly altered in the ileum at any time. The authors also

nvestigated serum levels of IL-6, TNF-� and IL-1�. IL-6 was signifi-
antly increased 6 h after I/R likely causing the decreased in jejunal
Mrp2 expression. Conversely, the serum level of TNF-� was not
ncreased after I/R and only a trace amount of serum IL-1� was
etected at any time.

.4. Renal diseases

Kidneys are vital in maintaining metabolic homeostasis via
ransporter-mediated active secretion and/or reabsorption of
umerous endobiotics and xenobiotics. Renal failure causes a loss
f metabolic homeostasis, affecting not only kidney but also liver
nd intestine [139–141]. An effective murine model of renal failure
onsists in a two-stage five-sixth nephrectomy. Naud et al. [142]
ssayed this model to study intestinal ABC transporters regula-
ion. Intestinal rMrp2 protein levels decreased significantly after
ephrectomy, while rMrp2 mRNA remained unaltered. Because the
rotein distribution is not uniform along the vertical axis of the vil-

us, it is possible that the use of mature enterocytes precludes the
emonstration of a difference in the synthesis of the transporter.
he authors further studied the intestinal profile of rMrp2 mRNA
xpression by in situ hybridization and observed that mRNA for
Mrp2 is mostly expressed in crypt cells in rat intestine irrespective
f treatment and that there was no major difference in localiza-
ion between both groups. Thus, it seems that the down-regulation
f intestinal rMrp2 in renal failure depends on post-translational
echanisms, though a more direct demonstration is necessary.

Mrp2 activity was also decreased correlating well with protein
evels. Assessment of the clearance of creatinine demonstrated a
orrelation with the extent of impairment in rMrp2 expression and
unction, suggesting that the decrease in transporter expression
nd activity is more pronounced when the renal failure is more
evere. A variety of molecules accumulate during renal failure mak-
ng them candidates for intestinal rMrp2 regulation. In addition,
everal studies have demonstrated that renal failure is associated
ith a chronic activation of inflammatory response [143–148].

hus, some specific cytokines that are increased in renal failure
lso constitute potential mediators. In order to evaluate this possi-
ility, Naud et al. [142] incubated serum from renal failure rats with
aco-2 cells. As a result, they demonstrated that a serum mediator is

ndeed responsible for the decrease in hMRP2 intestinal expression.
owever they did not identify the specific mediator.

Chronic renal failure show gender-associated differences,
emale patients and animals progress slower to end stages than

ales [149–151]. Lu and Klaassen [152] studied rMrp2 mRNA
xpression after two-stage five-sixth nephrectomy in male and
emale rats. The authors observed that mRNA levels of rMrp2 in
ejunum were low in both genders and that after nephrectomy
hese levels tended to increase but did not reach significance.
Please cite this article in press as: M.R. Arana, et al., Physiolog
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lthough protein expression was not determined, the previous
tudy by Naud et al. showing dissociation between protein and
RNA suggests post-transcriptional regulation of rMrp2 in chronic

enal failure.
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3.5. Diabetes

Diabetes is a chronic disease that presents elevated blood glu-
cose levels and may  be originated by two  major causes. Type 1
diabetes is caused by the autoimmune destruction of the insulin-
producing beta cells in the pancreas, while type 2 diabetes is
more common and associated with the generation of resistance
to insulin function. In order to evaluate intestinal rMrp2 expres-
sion in diabetes two  murine models were assayed (alloxan- and
streptozotocin-induced diabetes in rats). Alloxan and streptozo-
tocin both destroy pancreatic beta cells and generate diabetes in
rodents similar to type 1 diabetes in humans. Alloxan produced
an impairment in gliclazide ABC-dependent transport in the distal
ileum, which suggests a suppression of the expression or activity
of ABC transporters, including rMrp2 [153]. In contrast, strepto-
zotocin augmented protein level and activity of intestinal rMrp2
[154]. It is not unusual to find controversial results regarding regu-
lation of rMrp2 in different models of diabetes. Similar differential
regulations of rMrp2 were already reported for liver and kidney
[155–162].

3.6. HIV infection

The human immunodeficiency virus (HIV) causes acquired
immunodeficiency syndrome [163] a condition in humans in which
cell-mediated immunity is lost and allows life-threatening oppor-
tunistic infections and cancers to thrive. The use of antiretroviral
drugs in HIV uninfected individuals is becoming the most promis-
ing strategy for prevention of HIV [164]. The bioavailability of the
antiretroviral drugs depends not only on drug metabolism but also
on drug transport processes that involve membrane-associated
transport proteins [165–167]. De Rosa et al. [168] studied the
expression of some ABC drug transporters in recto-sigmoid colon
samples from HIV-infected patients and normal subjects. hMRP2
mRNA and protein expression were detected in all the cases.
While mRNA levels were not different between groups, expres-
sion of hMRP2 protein was  significantly reduced in the HIV-infected
group compared to the normal group. The authors also evaluated
the expression of PXR mRNA and found no significant differences
between groups.

4. Conclusions

The concept of “intestinal biochemistry barrier” emerged from
the recent advances in the knowledge of the intestinal physiology.
It is associated with the cellular metabolism followed by excretion
of drug metabolites into the intestinal lumen. Apical efflux trans-
porters are involved in the latter process, MDR1, BCRP and MRP2
being major examples. Usually, their substrates present overlap-
ping specificity towards the different transporters, which together
with a differential and complementary distribution of these same
transporters along the intestine provide an efficient mechanism to
protect the body from xenobiotic toxicity.

MRP2, one of the major components of the intestinal tran-
scellular barrier presents specificity for amphiphilic compounds,
particularly organic anions conjugated with glucuronic acid, glu-
tathione or sulphate. MRP2 expression and activity vary under
multiple physiological and pathophysiological conditions. These
regulations are expected to affect bioavailability or toxicity of
its substrates, namely drugs of therapeutic use and contami-
nants, ultimately leading to drug–drug or drug-toxic interactions.
ical and pathophysiological factors affecting the expression
n its function as membrane barrier, Pharmacol Res (2016),

Unfortunately, only a few studies are available in the literature
demonstrating such effects. Clinical studies are needed to confirm
predictions based on experiments performed in vitro or in vivo in
animal models and to further demonstrate the impact on the phar-
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Table  1
Summary of the regulation of intestinal Mrp2 under pathophysiological conditions.

Disease Source Regulation level Reference

mRNA Protein Activity

Inflammation LPS-treated rats Down-regulated – Reduced [80,81]
E. coli infected chickens No change – – [84]
S. Typhimurium infected intestinal epithelial cells – Up-regulated Increased [85]
S. Typhimurium infected mice – Up-regulated –
Indomethacin induced rats Down-regulated – – [86]

Rheumatoid arthritis Adjuvant-induced arthritis in rats Down-regulated Down-regulated – [89,90]

Cholestasis BDL in rats Down-regulated Down-regulated Reduced [99–101]
Bile obstruction in humans No change Down-regulated – [100]
Estrogen-induced No change Down-regulated Reduced [101,107]

Hepatic failure Partial hepatectomy in rats – No change Increased [110]
CCl4-induced – Down-regulated Reduced [116]

Wilson’s disease LEC rats Down-regulated Down-regulated No change [121]

Colorectal cancer Tumor biopsies in humans Up-regulated – – [124–126]
Tumor biopsies in humans Undetected – – [127,129]
Adenoma biopsies in humans No change No change – [126–128]
Adenoma biopsies in mice – No change – [128]

Inflammatory bowel disease Uninflammed ileum or colon from UC or CD patients Down-regulated – – [131]
Inflammed colon or rectum from UC patients No change No change – [132]
Inflammed colon from UC or CD patients – Up-regulated – [85]
Inflammed duodenum or colon from IBD or FRD dogs Up-regulated – – [133]

Intestinal ischemia-reperfusion Intestinal ischemia-reperfusion in rats Down-regulated Down-regulated – [135]

Renal diseases Two-stage five-sixth nephrectomy in rats No change Down-regulated Reduced [139,149]

Diabetes Alloxan-induced diabetes in rats – – Reduced [150]
Streptozotocin-induced diabetes in rats – Up-regulated Increased [151]

HIV infection Recto-sigmoid colon from HIV-infected patients No change Down-regulated – [166]
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−): information is not available; LPS: lipopolysaccharide; BDL: Bile duct ligation; LE
owel  disease; FRD: Food responsive diarrhea.

acokinetics or toxicity of drugs under specific physiological or
athophysiological conditions.

Regarding physiological regulations, diurnal variations were
eported in rats, with a maximal increase in mRNA levels detected
t 7 p.m (ZT12), though its functional relevance was  not explored.
everal studies focused on potential variations in the expression
nd activity of intestinal hMRP2 due to genetic polymorphisms in
umans showing only minor variations. In rats, expression seems
ot to be influenced by gender whereas a significant increase in
oth expression and activity was described in lactating mothers.
he intestinal trophic factor glucagon-like peptide 2 was likely

nvolved in the up-regulation of rMrp2 described for lactating
ats.

Table 1 summarizes the pathophysiological situations currently
eviewed that affect the expression and function of intesti-
al MRP2. In particular, processes involving an inflammatory
esponse have led to a reduction of the expression of MRP2
t the transcriptional level with concomitant decreased activity.
he mechanism of regulation presumably involves an inflam-
atory cytokine and reduction of the expression of nuclear

eceptors like PXR, but the molecular mechanisms following par-
icipation of cytokines remain uncertain. During S. Typhimurium
nfection, intestinal mMrp2 is up-regulated and depends on spe-
ific bacterial factors not related to the inflammation response.
holestatic disease involves inflammation and increases of inflam-
atory cytokines in the case of BDL in rodents, suggesting

 transcriptional regulation. Human obstructive cholestasis and
strogen-induced cholestasis in rats seem to be regulated in a
Please cite this article in press as: M.R. Arana, et al., Physiolog
and activity of the drug transporter MRP2 in intestine. Impact o
http://dx.doi.org/10.1016/j.phrs.2016.04.014

ost-transcriptional manner. A post-transcriptional regulation is
lso involved in the impairment of protein expression and activ-
ty observed under renal failure conditions. The mechanisms
xplaining these post-transcriptional regulations remains unex-
g-Evans Cinnamon; CD: Crohn’s disease; UC: Ulcerative colitis; IBD: inflammatory

plored, but could involve changes in mRNA processing or stability,
protein degradation or localization. IBD shows wide variability
regarding MRP2 expression and depends on the model assayed,
making it difficult to generalize. The effects of experimental dia-
betes on intestinal rMrp2 regulation have shown controversial
results depending on the model analyzed. Particularly, type I
diabetes induced by alloxan or streptozotocin have shown oppo-
site regulations on intestinal rMrp2 even when they are models
for the same type of diabetes. Unfortunately, studies on intesti-
nal hMRP2 regulation in patients are not available. Colorectal
cancer shows high interindividual variability in human with
regard to hMRP2 expression. In general, tumor samples tend to
show an increase while adenoma samples show no difference
in hMRP2 expression. Up-regulation of MRP2 has been highly
associated with development of multidrug resistance. Finally,
MRP2 protein is down-regulated during Wilsonı́s disease and
HIV infection, though the mechanisms remain unknown. Other
pathophysiological conditions, implicating directly or indirectly
the intestine, still remain to be explored, and more importantly,
further clinical studies are required to establish their impact in
humans.
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