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Multidrug resistance-associated protein 2 (Mrp2) is an ATP-dependent export pump that mediates the
formation of bile-salt-independent bile flow. Disruption of the canalicular localization of Mrp2, without
changes in its expression, is observed in chronic liver failure and is accompanied by oxidative stress. We
reported previously that Mrp2 is rapidly internalized from the canalicular membrane during acute

Kf—’J_/WordS-' oxidative stress induced by lipopolysaccharide (LPS) in the rat liver. A disturbance in the colocalization of
Eﬂ:;_fy transporter Mrp2 and radixin (which crosslinks actin with interacting membrane proteins) and endocytic retrieval of
C;oll)e(gtlasis Mrp2 are present in chronic liver failure. However, the C-terminal phosphorylation status of radixin (p-
LPS radixin; functional form) and its protein-protein interaction with Mrp2 were not examined in the
Internalization pathological cholestatic situation. In this study, we examined whether the C-terminal phosphorylation

status of radixin and its interaction with Mrp2 were affected by LPS-induced experimental liver failure
with cholestasis, and whether this condition was accompanied by Mrp2 internalization in the rat liver. At
3 hafter LPS treatment, the canalicular expression of Mrp2 was decreased, without variation of the other
canalicular transporters. Similarly, the canalicular localization of radixin was decreased after LPS
treatment. These results show that LPS treatment decreased the total amount of the active form of p-
radixin and the amount of radixin that coimmunoprecipitated with Mrp2, and that LPS treatment
impaired the protein-protein interaction between Mrp2 and radixin. In conclusion, LPS-induced
cholestasis seems to be caused by posttranscriptional regulation of Mrp2, which is due to the disruption
of its interaction with radixin and by its dephosphorylation.

© 2010 Elsevier Inc. All rights reserved.

insertion and internalization processes are of great importance,
as its steady-state expression level is directly dependent on these
turnover rates. Therefore, disruption of these turnover rates is

1. Introduction

The multidrug resistance-associated protein 2 (MRP2) and the
bile-salt export pump (BSEP/ABCB11) are involved in the forma-
tion of bile-salt-independent and -dependent bile flow, respec-
tively. The canalicular secretion of several amphiphilic organic
anions, including bilirubin glucuronides, glutathione (GSH), and its
conjugates, is mediated by MRP2, which is a conjugate export
pump encoded by the mrp2 gene [1]. In addition to the static
expression of MRP2 on the canalicular surface, its dynamic

Abbreviations: Mrp2, multidrug resistance-associated protein 2; Bsep, bile-salt
export pump; PBC, primary biliary cirrhosis; HCV, hepatitis C virus; BDL, bile duct
ligation; nPKC, novel protein kinase C; LPS, lipopolysaccharide; ERM, ezrin-
radixin-moesin; F-actin, actin filament; cPKC, conventional PKC; Mdr1, multidrug
resistance protein 1; DPPIV, dipeptidylpeptidase IV; ALT, alanine aminotransferase;
CM, canalicular membrane; G-PBS, glycine-containing phosphate-buffered saline;
ROS, reactive oxygen species; PDZ, postsynaptic density-95/Discs large/zona
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thought to lead to cholestatic jaundice. Oxidative stress markers
are closely related with the progression of chronic cholestatic
disorder in patients with chronic hepatic failure (primary biliary
cirrhosis (PBC) and hepatitis C virus (HCV) infection) [2,3].
Disruption of the canalicular localization of MRP2, without
variation in its expression, is observed in the liver of these
patients [4]. Several studies demonstrated that experimental
cholestasis induced by bile duct ligation (BDL) [5], taurolithocholic
acid [6], estradiol-173 glucuronide [7], and phalloidin [8] is closely
associated with impaired excretory function of Mrp2, which may
be attributed to its endocytic retrieval from the canalicular
membrane. We also demonstrated that Mrp2 internalization is
observed under ethacrynic acid (EA)- and tert-butylhydroper-
oxide-induced acute oxidative stress in experimental perfused rat
livers [9-11]. Moreover, oxidative-stress-triggered signaling path-
ways that lead to the activation of novel protein kinase C (nPKC)
cause the rapid retrieval of Mrp2 from the canalicular surface in the
rat liver [10]. In experimental liver failure with cholestasis,
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treatment with lipopolysaccharide (LPS), which is a bacterial
endotoxin, causes the rapid retrieval of Mrp2 from the canalicular
membrane [12]. In addition, we showed that oxidative stress is a
triggering factor of LPS-induced Mrp2 internalization [13].

The ezrin-radixin-moesin (ERM) family of proteins crosslinks
cytoskeletal actin filament (F-actin) with integral membrane
proteins. This anchoring function of ERM is regulated by the C-
terminal phosphorylation status of these proteins, via the
transition between active (C-terminal phosphorylated) and inac-
tive (C-terminal dephosphorylated) forms [14]. Radixin is the
dominant ERM protein in the canalicular membrane of the liver.
Mice lacking radixin develop conjugated hyperbilirubinemia
because of the impaired localization of Mrp2 on the canalicular
membrane surface, which suggests that radixin is required for the
canalicular localization of Mrp2 [15]. Disturbed colocalization of
Mrp2/MRP2 and radixin, as well as endocytic retrieval of MRP2, are
observed in the liver of PBC patients and several experimental
cholestatic models, which may be associated with a failure in the
anchoring of Mrp2/MRP2 to the canalicular membrane [4,16-18].
However, the C-terminal phosphorylation status of radixin (p-
radixin) and its protein-protein interaction with Mrp2/MRP2 were
not examined in these pathological cholestatic situations. Recent-
ly, we demonstrated that the activation of conventional PKC (cPKC)
impaired the localization of Mrp2 at the apical membrane surface
of the rat intestine, but not of the multidrug resistance protein 1
(Mdr1, which is another apical membrane protein). This was
accompanied by the downregulation of C-terminally phosphory-
lated ezrin (which is expressed dominantly in the intestine) and by
a decrease in its interaction with Mrp2 [19]. Here, we propose that
the LPS-induced alteration in the phosphorylation status of radixin
may cause its dissociation from Mrp2 and lead to the internaliza-
tion of Mrp2 in the rat liver. In addition, we examined whether the
effect of LPS on protein localization was specific to Mrp2, rather
than a nonspecific event accompanied by the internalization of
other biliary transporters, such as Bsep and Mdr1.

2. Materials and methods
2.1. Chemicals and antibodies

LPS was obtained from Wako Pure Chemical (Osaka, Japan). A
rabbit anti-Mrp2 polyclonal antibody (EAG15) was raised against
the C-terminal 12-amino-acid sequence of rat Mrp2. Rabbit anti-
phosphorylated ezrin (Thr567)/radixin (Thr564)/moesin (Thr558)
(p-ERM) antibody was purchased from Millipore (Temecula, CA).
Goat anti-rat/Alexa Fluor 488 and goat anti-mouse/Alexa Fluor 546
antibodies were from Molecular Probes (Eugene, OR). Mouse anti-
Mrp2 (M,lII5) antibody was from Abcam (Cambridge, MA).
Antiserum for rat Bsep (rBSEP) was raised in rabbits against an
oligopeptide (the C-terminal sequence of rBSEP, AYYKLVITGAPIS)
[20]. Anti-Mdr1 monoclonal antibody C219 was obtained from
Zymed Laboratories, Inc. (San Francisco, CA). Rat anti-dipeptidyl-
peptidase IV (DPPIV) antibody was obtained from BD Biosciences
(San Jose, CA). Rat anti-radixin (R21) was generated by Dr Tsukita
[21]. The horseradish-peroxidase-conjugated secondary antibo-
dies used in the immunoblot analysis were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Anti [3-actin antibody was
obtained from Sigma-Aldrich (St. Louis, MO). All other chemicals
and solvents were of analytical grade.

2.2. Animals
Male Wistar rats (130-160g) were used throughout the

experiments (SLC Japan Inc., Tokyo, Japan). All animals were
treated humanely in accordance with the guidelines issued by the

National Institutes of Health and all procedures described below
were approved by the animal care committee of Chiba University.

2.3. Experimental design

Rats were injected with either LPS (4 mg/kg body weight) or
vehicle (physiological saline, used as a control) via the tail vein. LPS
from Escherichia coli 055 was dissolved in sterile physiological
saline (0.9% NaCl, w/v). Animals were sacrificed 3 h after injection.
To estimate oxidative stress and liver injury, the hepatic GSH
content and leakage of alanine aminotransferase (ALT) into the
serum were measured using conventional methods, as described
previously [9,11].

2.4. Crude membrane preparation

The crude membrane (CrM) was prepared as described
previously [22], with some modifications. For each sample, 2 g
of frozen rat liver was thawed and cut up in 5 ml of cold 1 mM
NaHCOs3, 0.5 mM PMSF, and protease inhibitor cocktail (5 pg/ml
leupeptin and 1 g/ml pepstatin A) and homogenized with a loose
Dounce homogenizer (20 vertical strokes). The homogenate was
diluted further in ice-cold 1 mM NaHCOs3/0.5 mM PMSF and
centrifuged at 1500 x g for 15min at 4°C. The pellet was
resuspended in 5ml 70% (w/w) sucrose. The homogenate was
poured into a P40ST rotor tube (Hitachi, Japan) and overlaid with
4ml of 44% and 4ml of 36.5% (w/w) sucrose. The tube was
centrifuged at 70,500 x g for 90 min at 4 °C. The crude membrane
fraction from the 36.5% to 44% interface was centrifuged in 1 mM
NaHCO5/0.5 mM PMSF at 58,800 x g for 20 min at 4 °C. The pellet
was resuspended in 500 wl 1 mM NaHCOs;, 0.5 mM PMSF, and
protease inhibitors by repeated (10 times) suctioning through a 23-
gauge needle. Alkaline phosphatase (ALP) activity (canalicular
marker enzyme), Na*/K* ATPase activity (plasma membrane marker
enzyme) in the obtained membrane fraction were measured as
previously described [22]. And, we used CrM which was highly
concentrated more than 18-20 times (ALP activity) and 10-12 times
(Na*/K" ATPase activity) higher than that observed in each homo-
genate fraction. The sample was stored at —80 °C until further use.

2.5. Western blot analysis

The homogenate (60 g of protein) and CrM (5 g of protein for
Mrp2 and DPPIV, 15 g protein for Bsep and Mdr1, and 20 g of
protein for p-radixin) that were prepared from the rat liver were
subjected to 8.5% polyacrylamide slab gel electrophoresis (contain-
ing 0.1% SDS) and transferred to an Immobilon-P Transfer
Membrane filter (Millipore Corporation, Billerica, MA). The
membrane was blocked overnight at 4 °C with TTBS (Tris-buffered
saline with 0.05% Tween 20) containing 3% bovine serum albumin
and probed at room temperature for 1 h using primary antibodies
(EAG15 [1:1500], C219 [1:1500], rBSEP [1:1500], R21 [1:1500],
anti-DPPIV [1:1500], p-ERM (p-radixin) [1:1000], and [(-actin
[1:1000]) diluted with TTBS containing 0.1% BSA. The membrane
was incubated for 1h at room temperature with secondary
antibodies conjugated with horseradish peroxidase and diluted
with TTBS containing 0.1% BSA. The membrane was detected by
LAS 1000 (Fuji film, Tokyo, Japan) using enhanced chemilumines-
cence systems (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). The density of each band was normalized to the density of 3-
actin in the homogenate.

2.6. Immunoprecipitation analysis

Frozen livers were homogenized with 10 vertical strokes of a
Teflon (DuPont, Wilmington, DE) homogenizer in lysis buffer
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(1 ml/g of tissue (wet weight)) containing 25 mM Tris/HCI pH 7.5,
5 mM EDTA, 250 mM NaCl, 1% (v/v) Triton X-100, 60 mM n-octyl-
[B-p-glucopyranoside, 50 mM NaF, 1 mM NasVO,, and protease
inhibitors (1 mM PMSF, 5 pg/ml leupeptin, and 1 g/ml pepstatin
A) and were lysed in lysis buffer (25 pl/mg protein) for 1 h at 4 °C.
The tissue homogenate (20 mg protein) and CrM (0.3 mg protein)
obtained were centrifuged at 20,630 x g for 10 min and the
resulting supernatant was collected as the tissue lysate and rotated
overnight at 4 °C with protein G and the anti-Mrp2 antibody
EAG15 (12 pl per 20 mg of protein of the tissue homogenate). The
beads were sedimented at 9170 x g for 1 min and washed three
times with wash buffer containing 25 mM Tris/HCl pH 7.5, 5 mM
EDTA, 150 mM NaCl, 1% (v/v) Triton X-100, 50 mM NaF, and 1 mM
Na3VO,. Finally, elution buffer containing 10 mM Tris/HCI pH 6.5,
3% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-mercaptoethanol, 8 M
urea, and 0.001% bromophenol blue was added to the samples,
which were boiled at 95°C for 5 min. The suspension was
centrifuged and the supernatant was subjected to SDS-polyacryl-
amide gel electrophoresis, followed by immunoblot analysis.

2.7. Immunofluorescence analysis

Small frozen liver blocks were embedded in Tissue-Tek O.C.T.
Compound (Sakura Finetechnical Co. Ltd., Tokyo, Japan) and were
used to prepare 5 pm-thick sections at —25 °C, which were then
fixed in acetone at room temperature for 10 min. The sections on
the slides were hydrated in 30 mM glycine-containing phosphate-
buffered saline (G-PBS) for 15 min. Sections were then incubated
with Mylll5 (1:35) and R21 (1:35) antibodies for 1 h. After rinsing
with G-PBS, the slides were incubated for 1 h with goat Alexa Fluor
546 anti-mouse IgG (1:150) and goat Alexa Fluor 488 anti-rat IgG
(1:150). The antibodies were diluted in PBS containing 0.1% BSA.
After rinsing with G-PBS, the slides were dipped in TBS for 5 min;
subsequently, samples were mounted in VECTASHIELD (Vector
Laboratories, Burlingame, CA). In some experiments, F-actin was
stained with rhodamine-phalloidin (1:50 for 1 h; Invitrogen,
Carlsbad, CA). After rinsing with G-PBS, the slides were dipped in
TBS for 5 min; subsequently, the samples were mounted in
VECTASHIELD. Immunofluorescence imaging was performed using
a confocal laser-scanning microscope, LSM510 type (Carl Zeiss,
Jena, Germany).

2.8. Statistical analysis

All data are presented as mean + S.D. Statistical analysis were
performed by ANOVA followed by the Bonferroni test. Differences
were considered to be statistically significant if P < 0.05.

3. Results
3.1. Effect of LPS on the hepatic injury and redox statuses

LPS induces liver injury via the production of inflammatory
cytokines and reactive oxygen species (ROS). We evaluated serum
ALT level and hepatic GSH content as indexes of liver injury and
oxidative stress, respectively. In LPS-treated rats, serum ALT
leakage was significantly increased by about 10 times compared
with the saline-treated control (Table 1). Hepatic GSH content was
decreased by LPS treatment to 45.9 + 8.2% of the saline-treated
control (Table 1).

3.2. Effect of LPS on the localization of canalicular membrane proteins
Previous reports indicate that rapid retrieval of Mrp2 from the

canalicular membrane is observed 3 h after LPS treatment [12].
However, other canalicular membrane proteins have not been

Table 1
Effect of LPS on hepatic injury and redox status.

ALT (IU/L) GSH (mol/g liver)
Control 9.544+1.20 1.70+0.11
LPS 93.36+48.60" 0.78+0.15"

Rats were given LPS (4 mg/kg) or saline and were sacrificed at 3h after the LPS
treatment; subsequently serum and liver were collected and ALT leakage into
serum and hepatic GSH content were measured. The results are given as the
mean + S.D. of three rats.

" p<0.05.

“ p<0.01 compared with control.

examined. We examined whether other canalicular membrane
proteins (i.e., Bsep, Mdr1, and DPPIV) were also internalized by the
LPS injection. The expression of Mrp2 was decreased in the CrM
(71.0 £ 5.5% of the saline-treated control), without changes in its
expression in the rat liver homogenate (108.3 + 26.3% of the saline-
treated control; Fig. 1).In contrast, the expression of Bsep, Mdr1, and
DPPIV was not changed by LPS treatment, either in the homogenate
(104.6 £9.42%, 111.3 £17.5%, and 107.8 +18.1% of the control,
respectively; Fig. 2) or in the CrM fraction (101.6 +20.8%,
106.1 4+ 11.1%, and 107.2 & 37.6% of the control, respectively; Fig. 2).

3.3. Effect of LPS on the expression of radixin and p-radixin

The constitutive localization of Mrp2 is maintained by its
interaction with proteins of the ERM family. We investigated the
expression of total radixin (both activated and inactivated forms)
and of C-terminally phosphorylated radixin (p-radixin) in the LPS-
treated liver homogenate and CrM fraction. Total radixin expression,
including the phosphorylated and dephosphorylated forms, in the
homogenate was comparable to that observed in the saline-treated
control (91.6 & 9.6%; Fig. 3A), whereas the expression of total radixin
in the CrM fraction was decreased by LPS treatment (41.5 + 9.6% of the
saline-treated control; Fig. 3A). In addition, the p-radixin content in the
LPS-treated homogenate was also reduced compared with that
observed for the saline-treated control (68.3 + 6.8%; Fig. 3B). More-
over, the expression of p-radixin in the CrM fraction was more
drastically decreased than that observed in the homogenate fraction
after LPS treatment (26.6 + 8.0% of the saline-treated control; Fig. 3B).
These data suggest that C-terminally phosphorylated radixin is
converted to its dephosphorylated form by LPS treatment.
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Fig. 1. . Effect of LPS treatment on the expression of Mrp2 in a liver homogenate and
crude membrane (CrM) fraction. Rats were administered LPS (4 mg/kg body
weight) or saline. The homogenate (60 g of protein) and CrM fraction (5 g of
protein) were subjected to immunoblot analysis with anti-Mrp2 antibody (Mrp2
band density is shown below the blot). Band densities are expressed as a percentage
of the saline-treated control value. Results are given as the mean + S.D. of four
independent rat livers. *P < 0.05 compared with the control.
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Fig. 2. . Effect of LPS treatment on the expression of canalicular membrane proteins (Bsep (A), Mdr1 (B), and DPPIV (C)). Rats were administered LPS (4 mg/kg body weight) or
saline. The homogenate (60 g of protein) and CrM fraction (5 pg or 15 g of protein) were subjected to immunoblot analysis using antibodies for Bsep, Mdr1, and DPPIV
(band densities of Bsep, Mdr1, and DPPIV are shown below the blot). Band densities are expressed as a percentage of the saline-treated control value. Results are given as the

mean + S.D. of four independent rat livers.

3.4. Effect of LPS on the protein-protein interaction of
Mrp2 with radixin

To obtain insight into the molecular mechanism involved in
the LPS-mediated downregulation of the surface expression of
Mrp2, we investigated the molecular interaction of Mrp2 with
radixin using immunoprecipitation analysis. In control tissues,
radixin was readily coimmunoprecipitated with Mrp2, as
described previously [15]. The interaction between Mrp2 and
radixin was not detected when the preimmune rabbit IgG was
used in the immunoprecipitation experiment (data not shown).
The total expression of Mrp2 (Fig. 1) and the amount of Mrp2
immunoprecipitated with anti-Mrp2 antibody were not altered
by LPS treatment, whereas the amount of radixin in the
immunoprecipitate was decreased by LPS treatment in the
homogenate (64.6 + 9.6% of the saline-treated control; Fig. 4). In
contrast, the amount of Mrp2 immunoprecipitated from the CrM
fraction was reduced to 65.1 + 8.3% of the control, to a similar extent
as the decrease in Mrp2 content in the CrM fraction (Fig. 1) after LPS
treatment. The extent of radixin downregulation (64.4 + 32.0% of the
control) in the coimmunoprecipitate from the CrM fraction was also
comparable to the extent of LPS-induced downregulation of Mrp2 in
the CrM fraction (Fig. 1) and of p-radixin downregulation in the
homogenate fraction. These results suggest that the loss of Mrp2
from the canalicular membrane coincides with the loss of its
interaction with radixin.
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3.5. Effect of LPS on the colocalization of Mrp2 and radixin at
the canalicular membrane

Mrp2 is physically supported by its interaction with proteins of
the ERM family, as shown in hepatocytes and intestinal cells
[15,23]. Several studies demonstrated a disturbance in the
localization of Mrp2 and radixin in experimental cholestatic
models [4,16-18]. We confirmed the dissociation of the protein-
protein interaction of Mrp2 with radixin after LPS treatment
(Fig. 4). Therefore, next we investigated the colocalization of Mrp2
and radixin using immunofluorescence analysis. In the control
liver tissue, colocalization of Mrp2 and radixin was observed at the
canalicular membrane. In contrast, LPS treatment led to the
disruption of the canalicular localization of Mrp2 and radixin and
to the partial disruption of the colocalization of Mrp2 and radixin
in the cytoplasmic compartment, as indicated by the arrows in
Fig. 5.

3.6. Effect of LPS on the integrity of F-actin in the pericanalicular
domain

Disorganization of F-actin is observed in oxidative stress-
induced cholestasis [24]. In addition, phalloidin, which is an
inhibitor of F-actin depolymerization, induces internalization of
Mrp2 and Mdrl because of the overall disruption of the
organization of pericanalicular F-actin [8]. In this study, we

p-radixin
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* % F %
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aLpes

Homogenate Crude membrane

Fig. 3. . Effect of LPS treatment on the localization of total radixin (both activated and inactivated forms) and on the expression of C-terminally phosphorylated radixin (p-
radixin). Rats were administered LPS (4 mg/kg body weight) or saline. The homogenate (60 g of protein) and crude membrane fraction (5 pg or 20 g of protein) were
subjected to immunoblot analysis using radixin and p-radixin antibodies (band densities of radixin (A) and p-radixin (B) are shown below the blot). Band densities are
expressed as a percentage of the saline-treated control value. Results are given as the mean + S.D. of four independent rat livers. *P < 0.05 compared with the control.
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Fig. 4. . Effect of LPS treatment on the protein-protein interaction between Mrp2
and radixin. The lysates or CrM of treated rat livers were subjected to
immunoprecipitation (IP) using the anti-Mrp2 antibody. Immunoprecipitates
from lysates (left) or CrM (right) were subjected to immunoblot (IB) analysis using
anti-Mrp2 and radixin antibodies (band densities of immunoprecipitated Mrp2 and
radixin are shown below the blot). The values are expressed as a percentage of the
saline-treated control value. Results are given as the mean =+ S.D. of three (IP from
homogenate) or four (IP from CrM) independent rat livers. *P < 0.05 and **P < 0.01
compared with the control.
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confirmed the effect of LPS on the integrity of F-actin in the
pericanalicular membrane. As a result, the integrity and localiza-
tion of pericanalicular F-actin were not affected in the LPS-treated
liver tissue (Fig. 6).

4. Discussion

Impaired steady-state canalicular surface expression of Mrp2
and jaundice are observed in radixin knockout mice. Therefore,
radixin is now considered as the primary molecule that anchors
Mrp2 to F-actin [15]. In parallel with this study, we revealed that
the LPS-induced rapid retrieval of Mrp2 from the canalicular
surface accompanied by GSH decrease is also triggered by
oxidative stress [13]. In the present study, Mrp2 expression at
the canalicular membrane was reduced to 71%, without changing
the total expression of Mrp2, and canalicular Mrp2 localization was
diffused into the cytosolic compartment, as assessed using
immunofluorescence analysis (Figs. 1 and 5). More interestingly,

Merge

Fig. 5. Effect of LPS treatment on the distribution of Mrp2 and radixin in the rat liver. Imnmunofluorescence analysis (confocal laser-scanning microscopy) of the rat liver.
Frozen sections (5 pm in thickness) of acetone-fixed tissue were stained with anti-Mrp2 (green) and -radixin (red) antibodies and examined using a confocal laser-scanning
microscope. Disrupted colocalization of Mrp2 and radixin in the cytoplasmic compartment is represented by the arrows. Scale bar, 10 wm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

control

LPS

Fig. 6. Effect of LPS on the integrity of F-actin in the pericanalicular domain in the rat liver. Frozen sections (5 pm in thickness) of acetone-fixed tissue were stained with
rhodamine-phalloidin and examined using a confocal laser-scanning microscope. Scale bar, 10 pm.
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other apical membrane proteins, including Bsep, Mdr1, and DPPIV,
were not altered after LPS treatment, in terms of their localization at
the canalicular membrane (Fig. 2). Disruption of the pericanalicular
actin cytoskeleton structure appears to be one of the common
features of cholestasis. Phalloidin induces internalization of Mrp2
and Mdr1 because of the overall disorganization of pericanalicular
F-actin [8]. We have previously indicated that this selective
internalization was likely attributable to isoform-specific activation
of PKC, without an effect on the structure of the actin cytoskeleton
[10,11]. In this study, we confirmed that the effect of LPS on the
localization of the biliary transporter was selective for Mrp2 and that
the organization of F-actin was not disrupted by the LPS treatment.
In contrast, it was reported that canalicular Bsep localization in the
rat liver is also affected after a 6 h LPS treatment [22]. We have
previously reported that nPKCs, including PKCS and PKCe, are
selectively activated by EA-induced oxidative stress and Mrp2-
specific internalization in rat hepatocyte [10]. On the other hand, the
cPKC activator thymeleatoxin induced Bsep internalization in a rat
liver perfusion model [25]. Thus, two canalicular biliary transporters
(Mrp2 and Bsep) are distinctly internalized in a PKC subfamily-
dependent manner. The distinct behavior of these two canalicular
transporters is well known, especially as tauroursodeoxycholate and
genipin recruit Bsep and Mrp2 specifically to the canalicular
membrane surface, respectively [26,27]. Based on this consider-
ation, it is not surprising that LPS-induced oxidative stress leads to
the selective internalization of Mrp2 under this experimental
condition. It is possible that the signaling that regulates the
translocation of these transporters consists of multiple pathways
that overlap partially or cross each other [28]. These findings suggest
that LPS-induced Mrp2 internalization was not caused solely by a
disruption of canalicular structures. Rather, it should be noted thata
series of signaling pathways that lead to the selective activation of
nPKC are thought to be involved in this mechanism, as we have
previously demonstrated in an EA-induced acute oxidative stress
model; however, it remains unclear whether the cPKC-dependent
internalization of Bsep internalization occurred in the 6 h that
followed LPS treatment.

In line with this study, we have also reported that cPKC activation
by thymeleatoxin alters the C-terminal phosphorylation status of
ezrin and its interaction with Mrp2, which causes Mrp2 internali-
zation in the rat intestine [19]. In the liver, Mrp2 retention in the
canalicular membrane requires the interaction between radixin and
the postsynaptic density-95/Discs large/zona occludens-1 (PDZ)-
binding motif located in the C terminus of Mrp2 [29,30]. Mrp2 is
thought to be stably expressed in the apical membrane by binding to
radixin directly through the PDZ-binding motif or indirectly
mediated by PDZ proteins (i.e., Na*~H" exchanger regulatory factor
1 and PDZ domain-containing 1). Although, previous reports
indicated that Mdr1 could interact with ezrin in rat intestine [19],
and also interact with each ERM proteins in human T-lymphocytes
[31]. Bsep and Mdr1 do not have obvious PDZ-interacting motifs in
their C terminals and the localization of Mdr1 and DPPIV at the apical
membrane surface is not affected in the liver of radixin knockout
mice [15]. In addition, we did not confirm the interaction between
Mdr1 and radixin in the rat liver, as was reported previously for the
radixin knockout mouse [15] (Supplemental Fig. 1). The interaction
of Mdr1 with proteins of the ERM family may depend on the
subfamily or the organs. These observations lead us to postulate that
the LPS-induced selective internalization of Mrp2 is due to changes
in the protein-protein interaction of radixin with the PDZ-binding
motiflocated in the C terminus of Mrp2; however, it remains unclear
whether the protein-protein interaction of Mrp2 with radixin
involves the direct binding of the proteins.

The disruption of the colocalization of Mrp2 with radixin was
reported in several cholestatic liver diseases and in animal models of
cholestasis, such as BDL and ethinyl estradiol-treated rats [17,18].

However, there is no report evaluating the C-terminal phosphoryla-
tion status of radixin and its interaction with Mrp2 in a cholestatic
model that exhibits Mrp2 internalization. Mrp2 internalization
accompanied by disruption of the colocalization of Mrp2 with
radixin was also observed after LPS treatment. Our results suggest
that LPS induces the dephosphorylation of radixin and the disruption
of the binding between Mrp2 and radixin, which decrease the
stability of the expression of Mrp2 at the apical membrane, leading to
the internalization of Mrp2 in the rat liver. Dephosphorylated radixin
adopts an inactive conformation via intramolecular/intermolecular
interactions between its N-terminal and C-terminal domains. The
inactive form of radixin loses its ability to bind membrane proteins
and the cytoskeleton because its N and C termini are masked. It was
reported that C-terminally dephosphorylated mutant ezrin (T567A)
is distributed diffusely in the cytoplasm, whereas phosphorylated
mutant ezrin (T567D) is distinctly localized at the membrane
surface, which indicates that the membrane localization of radixin is
strictly dependent on its C-terminal phosphorylation status [32]. Our
data also suggests that the LPS-induced dephosphorylation form of
radixin is not retained near the cell surface and is transferred to the
intracellular space, as shown in Figs. 3 and 5. Concomitantly, Mrp2
and radixin did not colocalize in the cytosolic compartment because
the inactive conformation of dephosphorylated radixin did not
interact with internalized Mrp2, which suggests that these proteins
were relocated from the canalicular membrane to the cytosolic
compartment via distinct pathways, after disruption of their
interaction (see graphical abstract).

Multiple kinases [33-35] and putative protein phosphatases
[36] are involved in the phosphorylation and dephosphorylation of
the C-terminal threonine residue of ERM proteins, to regulate the
balance between their active and inactive forms. We described
previously the involvement of PKC in Mrp2 internalization under
oxidative stress conditions. The results of the present study suggest
that alteration of the radixin phosphorylation status also correlated
with PKC activation, as seen in the cPKC-dependent dephosphory-
lation of ezrin in the rat intestine [19]. In our preliminary study, the
combined use of a PKC inhibitor suppressed LPS-induced ALT
leakage and decreased intracellular GSH content (data not shown).
These observations indicate that the combined use of a PKC inhibitor
is not suitable for the investigation of the putative role of PKCin the
LPS-induced dephosphorylation of radixin.

In conclusion, LPS-induced cholestasis is caused by posttran-
scriptional regulation of Mrp2, which is associated with the
disruption of its interaction with radixin and by its dephosphory-
lation.
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