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Introduction

Ceruloplasmin (Cp) was first isolated from blood 

plasma and characterized as a copper-containing protein 

by Holmberg and Laurell in 1948.  It is an acute phase 

protein and a member of the multicopper oxidase family 

of enzymes, which contains more than 95% of the copper 

present in plasma1).  Cp, a major ferroxidase of plasma, 
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is required for iron transport by transferrin.  Oxidation 

of the ferrous iron Fe(II) to the ferric iron Fe(III) 

mediated by Cp is necessary for incorporation of iron into 

transferrin because transferrin binds only the ferric form 

of iron.  As a ferroxidase, Cp may also play a role in the 

transferrin-independent iron uptake system, which 

requires reduction of iron on the cell surface2).  It is 

thought that in mammals, Cp is primarily synthesized as 

a soluble protein secreted by hepatocytes into plasma.   

On the other hand, GPI-Cp is predominantly expressed 

in astrocytes2), leptomeningeal cells3), retina4), and 

testes5).  The recently revealed ubiquitous expression of 

the GPI-Cp in hepatocytes6,7) raises the question of its 

possible implication in liver pathophysiology.
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Hepatocytes are major epithelial cells in the liver8).  A 

hepatocyte performs several crucial functions that are 

largely the result of its strategic position between 2 dif-

ferent environments : the blood plasma and the 

bile.  Functions performed within both these domains 

are different, which means that the hepatocyte surface is 

asymmetric or polarized9).

The plasma membrane of polarized epithelial cells is 

divided into 2 domains : apical (canalicular) and basolat-

eral (sinusoidal) 10).  Polarized cells have evolved various 

sorting mechanisms to supply their specialized mem-

brane domains and the adjacent extracellular milieu with 

specific molecules11).  Therefore, a hepatocyte performs 

specialized functions10) such as canalicular bile secretion 

and simultaneous sinusoidal secretion of large quantities 

of serum proteins into the blood8).

Glycosylphosphatidylinositol-anchored proteins (GPI-

APs) are directly targeted to the apical domain of the 

plasma membrane in majority polarized epithelial 

cells10).  Most GPI-APs in the liver follow the indirect 

pathway : first, they are transported to the basolateral 

surface, where they are internalized and redirected to the 

apical surface through transcytosis13-18).

In the present study, the previous observation that 

GPI-Cp is present in the rat liver was further explored 

using mRNA, immunohistochemical, and immunoblot as-

says.  Furthermore, GPI-Cp distribution was analyzed 

within different domains of the plasma membrane of he-

patocytes.

Materials and Methods

Animals

SD and LEC rats were kept in metabolic cages under 

controlled temperature conditions (23±2°C) in a 1 : 1 

light–dark cycle (12 h/12 h).  They had free access to 

distilled water and either CE-7 or CE-2 feed, respective-

ly (CLEA Japan Inc., Japan).  All studies were conducted 

in accordance with Akita University Animal Regulations.

Cell Culture

Primary hepatocytes were isolated from rat livers us-

ing the 2-stage collagenase perfusion technique de-

scribed previously19).  C6 glioma cells were generously 

provided by the Department of Neurosurgery, Akita Uni-

versity Graduate School of Medicine, Japan.

Immunohistochemistry

Cryostat sections of a 4% paraformaldehyde-fixed 

adult rat liver were immunohistochemically stained with 

a polyclonal goat anti-Cp (Sigma, USA), using a previous-

ly described protocol3).  Visualization of the primary an-

tibody was performed using a rabbit antigoat IgG second-

ary antibody conjugated to biotin.

RNA extraction and RT-PCR

Total RNA extraction was performed using RNAiso 

Plus (TAKARA Bio Inc., Japan), followed by quantitative 

and qualitative analysis.  Briefly, to isolate RNA, cul-

tured cells were washed and lysed in RNAiso Plus buf-

fer.  Thereafter, frozen liver and brain tissues were ho-

mogenized and lysed with RNAiso Plus.  cDNA was 

Table l.  PCR prilners and conditions used in this study

Sequence
(5´-3´)

PCR product
length
(bp)

PCR conditions

Rat-Cp GGCCACAGCTTCCAATACAAG
AGAGTCCTTTCAGTGCAGGTG

386 33 cycles
94°C, 2 min ; 94°C, 30 s,
55°C, 30 s ; 72°C, 0.4 s

GPI-Cp GTATGTGATGGCTATGGGCAATGA
CCTGGATGGAACTGGTGATGGA

427 33 cycles
94°C, 2 min ; 94°C, 30 s,
55°C, 30 s ;  72°C, 0.4 s

B-actin CTGAGGAGCACCCTGTGCTG
GGCATGAGGGAGCGCGTAAC

229 23 cycles
94°C, 2 min ; 94°C, 30 s,
55°C, 30 s ;  72°C, 0.4 s
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synthesized with oligo(dT) primers according to the 

PrimeScript RT reagent Kit procedure (Takara Bio 

Inc.).  The resulting cDNA strand was used as a tem-

plate for PCR with specifically designed primers as listed 

in Table 1.  Subsequently, RT-PCR products were sepa-

rated in 1.2% agarose gel (Takara Bio Inc.), stained with 

an ethidium bromide dropper bottle (CLP, USA), and pho-

tographed.

Isolation of the total liver plasma membrane 

The total liver plasma membrane (tLPM) was isolated 

as described previously20).  Briefly, rats were ether-

anesthetized and perfused through the portal vein with 

50 mL isolation medium (0.25 M sucrose, 1 mM EGTA, 

and 5 mM K-HEPES ; pH 7.4) at 37°C.  The liver was 

then weighed, minced, washed twice with the same me-

dium, and homogenized in 50 mL isolation medium by 

means of 10 passes using a loosely fitting pestle, followed 

by 3 passes using a tightly fitting pestle.  The solution 

was diluted with the isolation medium to 6% (w/v) and 

then centrifuged for 10 min at 1,400 ×g.  The resulting 

pellet was resuspended in the isolation medium to a final 

concentration of 6% and again homogenized in a tightly 

fitting pestle 4 times.  Percoll was added to the suspen-

sion (1.4 mL Percoll per 10.4 mL suspension) and centri-

fuged for 30 min.  The top fluffy layer (plasma mem-

brane vesicles) was isolated, diluted to a concentration of 

1 : 5 (v/v) with the incubation medium (0.25 M sucrose 

and 50 mM Tris-HCl ; pH 8.0) and centrifuged for 30 

min at 34,500 ×g.  Few isolated pellets (tLPM) were 

quickly frozen and stored until further experiments.

Isolation of apical and basolateral membrane 

fractions from the total liver plasma membrane

We used a previously described method20), with minor 

modifications.  The isolated tLPM was washed with 5 

volumes of washing/incubation buffer (0.25 M sucrose 

and 25 mM K-HEPES ; pH 7.4) and sedimented for 5 

min at 34,500 ×g to remove residual Percoll.  TLPM 

was dissolved to attain a 5-mg/mL concentration with the 

same buffer and homogenized using 75 passes with a 

tightly fitting pestle.  Thereafter, tLPM vesicles were 

layered on a discontinuous sucrose gradient (43%, 46%, 

and 52%) and centrifuged for 1 h at 93,000 ×g.  The re-

sulting pellet represents the basolateral plasma mem-

brane (bLPM), which was then sedimented (10 min, 

34,500 ×g) after addition of 5 volumes of the same buf-

fer.  On the other hand, apical LPM (aLPM) was careful-

ly isolated from bands at the top of 43% and inside the 

43%-46% sucrose interface, was resuspended in 5 vol-

umes of the same buffer, and sedimented at 34,500 ×g for 

10 min.  Both aLPM and bLPM pellets were frozen and 

stored until further experiments.  All procedures were 

conducted at 4°C, and solutions were prepared in the 

presence of 0.01% soybean trypsin inhibitor (STI) and 0.1 

mM phenylmethanesulfonyl fluoride (PMSF) 21).

Characterization of the plasma membrane of liver 

cells

Alkaline phosphatase activity

Alkaline phosphatase activity was measured using the 

QuantiChrom Alkaline Phosphatase Assay Kit (BioAssay 

Systems, USA).

Na/K-ATPase

The Na/K-ATPase assay was performed using a previ-

ously described method22-25).  An incubation medium 

containing (final concentrations) 100 mM NaCl, 20 mM 

KCl, 50 mM Tris-HCl (pH 7.2), 5 mM MgCl2, 2 mM Tris-

ATP, with or without 7 mM ouabain, was preincubated at 

37°C for 5 min.  The reaction was initiated by adding 20 
μL membrane suspension (0.5 mg protein/mL) to a 180-

μL aliquot of the incubation medium.  At the indicated 

time points, the reaction was stopped by addition of 300 
μL of ice-cold solution of 2.8% ascorbic acid, 0.48 M HCl, 

0.48% ammonium molybdate, 2.8% SDS.  After 10 min, 

500 μL of a solution containing 2% sodium arsenite, 2% 

sodium citrate, and 2% acetic acid was added and re-

warmed to 37°C for 10 min, after which absorbance at 

750 nm was measured.  The Na/K-ATPase activity was 

calculated as the difference between the amount of inor-

ganic phosphate liberated in the presence and absence of 

ouabain.  The enzymatic activity was expressed as nano-

moles (nmol) of phosphate liberated per mg of protein 

per minute.

5´-nucleotidase

The 5´-nucleotidase activity was measured using a 

previously published protocol22).  A reaction buffer con-

taining (final concentrations) 90 mM Tris-HCl (pH 8.0), 
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10 mM MgCl2, 15 mg adenosine-5´-monophosphate 

along with membrane samples were incubated on a shak-

ing water bath for 15 min.  The reaction was stopped, by 

adding ice-cold TCA (final concentration, 30%) ; thereaf-

ter, the mixture was incubated with 10% ascorbic acid 

and 0.42% ammonium molybdate, and absorbance at 750 

nm was measured.  The 5´-nucleotidase activity was 

calculated as the released phosphate in each sample tube 

using the standard curve and was expressed as micro-

moles (μmol) of phosphate per mL per hour.

Protein assay

Protein concentrations were measured using the BCA 

Protein Assay Kit (Thermo Scientific, USA).

PI-PLC treatment of membrane fractions

Following previously described protocols5,26), plasma 

membrane fractions and microdomains (200 μg protein) 

were incubated with or without phosphatidylinositol-spe-

cific phospholipase C (PI-PLC ; 0.5 U/mL ; Molecular 

Probes, USA) containing a protease inhibitor cocktail 

(PIC ; 20 μL/mL ; Sigma-Aldrich, USA) and PMSF (200 
μM) for 1 h at 37°C with shaking.  The suspension was 

again centrifuged (15,700 ×g, 30 min, 4°C), and the plas-

ma membrane in the supernatant containing the released 

Cp was precipitated, by adding ice-cold TCA (final con-

centration, 10%).  The mixture was left on ice for 30 

min and then centrifuged (11,300 ×g, 20 min, 4°C).  Pro-

tein pellets were resuspended in PBS to a protein con-

centration. 

Immunoblotting

Proteins were separated by means of gel electrophore-

sis on 7%-10% gels and then transferred onto PVDF 

membranes according to published protocols2,5).  All 

blots were blocked with 5% skim milk in Tris-buffered 

saline containing 0.1% Tween 20 (TBS-T buffer) for 1 

h.  For detection of Cp, all blots were incubated with a 

goat antihuman Cp antibody (1 : 1,000 in blocking 

buffer ; Sigma-Aldrich) for 1 h at room temperature or 

overnight at 4°C.  Thereafter, blots were incubated with 

a biotinylated rabbit antigoat IgG antibody (1 : 10,000 in 

blocking buffer ; Sigma-Aldrich, USA) for 45 min at room 

temperature and with horseradish peroxidase-conjugated 

avidin (Vectastain elite ABC Kit ; Vector laboratories, 

USA) for 30 min at room temperature.  All blots were 

washed between incubations with TBS-T and were visu-

alized using enhanced chemiluminescence (ECL ;  Amer-

sham, GE Healthcare, UK).

Triton X-114 extraction and phase partitioning

The procedure for Triton-X114 (TX-114) extraction 

and phase partitioning has been described earlier5,26).   

Plasma membrane fractions (200 μg protein) were pre-

cipitated by adding ice-cold TCA (final concentration, 

10%) and allowed to stand on ice for 30 min and centri-

fuged thereafter (11,300 ×g, 20 min, at 4°C).  Pellets 

were resuspended in 0.17 mL PBS (pH 7.4), with or 

without PI-PLC (5.4 U/mL).  Reaction mixtures con-

tained a protease inhibitor cocktail (PIC ; 20 μL/mL ;  

Sigma-Aldrich) and PMSF (200 μM) and were incubated 

for 80 min at 37°C.  To the suspension, we added 1/5th 

volume of ice-cold precondensed TX-114 ; the mixture 

was then left on ice for 25 min with occasional agita-

tion.  After centrifugation (10,000 ×g, 10 min at 4°C), 

undissolved material was removed and prepared for elec-

trophoresis.  Supernatants were prepared for separation 

into detergent and aqueous phases by heating to 37°C 

and centrifugation (1,000 ×g, 10 min).  Each phase was 

then collected and prepared for electrophoresis.

Detection of ferroxidase activity

Ferroxidase activity was measured as described 

previously2).  Briefly, plasma membrane fractions (200 
μg protein) were precipitated by adding ice-cold TCA (fi-

nal concentration, 10%), allowed to stand on ice for 30 

min, and was then centrifuged (11,300 ×g, 20 min at 

4°C).  Pellets were resuspended in 1× PBS (pH 7.4), 

with or without PI-PLC (0.5 U/mL) and incubated for 60 

min at 37°C.  Thereafter, supernatants were concentrat-

ed using Amicon Ultra-0.5 Centrifugal Filter Devices 

(Millipore, Ireland) and separated by means of nondena-

turing polyacrylamide gel electrophoresis using the 

Laemmli buffer system without SDS.  Gels were incu-

bated in 0.1 M sodium acetate (pH 5.7) containing 1 mg/

mL p-phenylenediamine, which yields a purple precipi-

tate upon oxidation.

(40)
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Statistical Analysis

Data were calculated as mean±SEM using Microsoft 

Office Excel.  Student’s unpaired 2-tailed t test was 

used for comparison of data between both membrane 

fractions.

Results

GPI-anchored Cp expression on the surface of rat 

liver cells

Most GPI-anchored proteins can be released from the 

cell surface by the bacterial enzyme PI-PLC5).  To detect 

Cp in the membrane surface from the rat liver, which cor-

responds to the GPI-Cp isoform, tissue samples were 

treated with PI-PLC prior to Cp immunostaining.  Con-

trol tissue samples revealed stronger cell surface staining 

for Cp (Fig. 1A).  In contrast, PI-PLC-treated tissue 

demonstrated a marked reduction in Cp staining (Fig. 

1C).

Furthermore, we analyzed mRNA expression of sCp 

and GPI-Cp of both cells and tissues of the liver and brain 

using appropriate primers with RT-PCR.  The full-

length cDNA of rat GPI-Cp has been previously isolated 

from rat C6 glioma cells3), which were cells representing 

the brain.  As presented in Figure 2A and B, successful 

amplification of both sCp and GPI-Cp mRNA was accom-

plished in both liver and brain samples.  However, as 

expected, mRNA expression of sCp in hepatocytes and 

liver tissue was greater compared with that in the GPI-

Cp fraction, whereas C6 glioma cells and brain tissue re-

vealed negligible sCp expression compared with that in 

the GPI-Cp fraction.

Another method that we used to confirm the presence 

of GPI-Cp in the liver was analysis of protein expression 

using immunoblotting.  The membrane fraction was 

probed with a polyclonal goat antihuman Cp antibody and 

revealed a band with an apparent molecular weight of 

148-kDa (Fig. 3).  To evaluate whether the Cp protein 

detected was GPI-anchored, few membrane samples 

were treated with PI-PLC and separated into the re-

leased supernatant and the membrane pellet frac-

tion.  The PI-PLC-treated membrane pellet fraction ap-

peared to contain less immunoreactive Cp compared with 

(41)

Fig. 1.  Immunohistochemistry images of rat liver tissue.  Tissues were treated or not treated with PI-PLC.  (A) 
Cp immunofluorescent staining of untreated tissue was markedly increased.  (C) When rat liver tissue was treated 
with PI-PLC, Cp immunofluorescent staining was markedly decreased.  (B, D) DAPI staining of cell nuclei of 
images in A and C, respectively.
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the PI-PLC-untreated membrane fraction.  In addition, 

treated supernatant fractions revealed greater concentra-

tions of released GPI-Cp compared with PI-PLC-un-

treated supernatants.  All these findings suggest that Cp 

present in the plasma membrane fraction of rat liver cells 

corresponds to the GPI-anchored form.

Detection of GPI-Cp in aLPM and bLPM

Moreover, we evaluated Cp protein expression in rat 

liver membrane fractions.  To separate tLPM into apical 

and basolateral domains, additional fractionation was per-

formed using discontinuous sucrose gradient centrifuga-

tion15).  Both membrane domains of liver cells were as-

sessed for purity using specific assays for alkaline 

phosphatase and 5-nucleotidase as apical markers20,22), 

along with an assay for Na/K-ATPase as a basolateral 

marker20,23-25).  As presented in Table 2, aLPM was en-

riched 2- and 27-fold compared with bLPM, as measured 

by 5´-nucleotidase and alkaline phosphatase assays, re-

spectively.  In contrast, bLPM was enriched by more 

than 4-fold over aLPM, according to Na/K-ATPase activi-

ty.

Further, we used immunoblotting to determine 

whether GPI-Cp is attached to the membrane through 

the GPI anchor.  As presented in Figure 4, membrane-

bound Cp was preferentially localized in aLPM of the 

plasma membrane.  A significant difference was evident 

in the presence of membrane-bound Cp (GPI-Cp) be-

tween membrane domains (Fig. 4B, p<0.001).  Further-

more, when both membranes were incubated with PI-

PLC, aLPM supernatant fractions revealed higher 

concentrations of released GPI-Cp compared with 

untreated ones, whereas treated aLPM pellets revealed 

lower immunoreactive Cp signals (Fig. 5).  Moreover, 

significant relevant bands were not detected in the baso-

lateral membrane fraction.  These results suggest that 

the GPI-anchored Cp was preferentially localized to the 

apical domain of the plasma membrane of liver cells.

Cp in membrane domains was covalently 

attached to GPI

To confirm that Cp expressed in membrane fractions 

was covalently linked to GPI, immunoblotting of TX-

114-treated samples was performed.  Here equal 

protein concentrations of tLPM, aLPM, and bLPM were 

preincubated with or without PI-PLC and then solubi-

lized using TX-114.  Thereafter, samples were parti-

tioned into aqueous and detergent phases.  All Cp from 

Fig. 2.  mRNA expression of sCp and GPI-Cp in the 
rat liver.  (A) mRNA expression of the 2 forms of 
ceruloplasmin : soluble-Cp and GPI-Cp.  Represen-
tative liver samples : liver tissue homogenates (lane 1) 
and hepatocytes (lane 2) ; brain samples : C6 glioma 
cells (lane 3) and brain tissue homogenates (lane 
4).  (B) Relative mRNA levels of sCp and GPI-Cp.   
Data are shown as mean±SEM.  Loading amounts 
(µg) were equal for all samples.

Fig. 3.  Detection of the 148-kD Cp protein in tLPM 
released by PI-PLC digestion.  TLPM fractions were 
incubated with PI-PLC to release GPI-anchored pro-
teins and eventually separated into the supernatant 
and pellet.  Rat Cp was used as a positive control.

(42)
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untreated membrane fractions primarily partitioned into 

the detergent phase (Figs. 6A and B) because the GPI-

anchored protein (containing an intact GPI anchor) parti-

tioned into the detergent phase after TX-114 extraction 

because of the presence of hydrophobic lipid chains on 

the GPI anchor5). 

PI-PLC digestion removes GPI-anchored proteins 

from the hydrophobic portions of the GPI anchor and 

causes these proteins to partition into the aqueous 

phase ; these results support our data showing that PI-

PLC-treated membranes exhibited higher Cp concentra-

tions in the aqueous phase (Figs. 6C and D).  These 

findings confirmed that Cp is directly anchored to the liv-

er cell membrane by GPI rather than through association 

with some other GPI-anchored proteins5).

Oxidase activity of GPI-Cp

To determine whether GPI-Cp found in liver cell mem-

branes has a functional oxidase activity, tLPM, aLPM, and 

bLPM fractions were incubated with PI-PLC, and result-

ing supernatants were analyzed using native PAGE.   

Gels were then stained with p-phenylenediamine, which 

produces a purple precipitate when oxidized.  The same 

procedure was performed with control samples, except 

for the PI-PLC treatment.  Both PI-PLC-treated and 

PI-PLC-untreated tLPM and aLPM fractions revealed a 

band slightly lower than the Cp control (Fig. 7).

Increased GPI-Cp expression during copper 

accumulation

Figure 8 shows increased GPI-Cp presence in liver 

cell membranes from LEC rats.  LEC rat plasma mem-

branes showed no specific localization of GPI-Cp be-

tween both membrane domains, in contrast to the apical 

preference of the normal SD membrane samples (Fig. 

8A).  In addition, the same 148-kDa band was present in 

LEC rat cellular membranes, although the amount of this 

Table 2.  Enzyme activity of punfied apical and basolateral liver plasma membranes

Alkaline phosphatase
(μmol/L×min)

Na/K-ATPase
(nmol/(mg×min))

5-Nucleotidase
(μmol/mL×h)

tLPM       3.6±1.74 30.8±4.6 14.07±2.19

aLPM     7.83±5.94   4.6±2.3 14.03±2.16

bLPM －0.29±0.8 20.2±5.6   5.64±3.12

Alkaline phosphatase activity is expressed in μmol/(L×min), 5´-nucleotidase in 
μmol/(mL×h), and Na/K-ATPase activity is expressed in nmol/(mg×min). All 
data are presented as mean± SEM ; n=2 for all assays.

Fig. 4.  Detection of the 148-kD Cp protein in 
aLPM.  (A) Detection of preferential apical localiza-
tion of a 148-kD protein band in the liver.  (B) 
Relative intensity of Cp expression is significantly 
greater in aLPM compared with bLPM.  *P<0.001, 
Student’s t test.

Fig. 5.  Immunoblotting detection of a 148-kD GPI-
anchored protein by an anti-Cp polyclonal antibody in 
aLPM and bLPM.  Membrane fraction domains were 
incubated with PI-PLC to release GPI-anchored pro-
teins and were eventually separated into the superna-
tant and pellet.  Rat Cp was used as a positive control.

(43)
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protein was almost identical in aLPM and bLPM 

fractions.  Furthermore, treatment of LEC membranes 

with PI-PLC allowed us to confirm that the attachment of 

Cp to both aLPM and bLPM occurs through its GPI 

anchor, af ter we observed a robust signal in the 

supernatant corresponding to the released GPI-Cp (Fig. 

8B).  Band signals of LEC rats were stronger compared 

with those of GPI-Cp bands from healthy SD rats.  After 

PI-PLC treatment, supernatant fractions of LEC rats re-

vealed higher immunoreactive Cp compared with corre-

sponding pellet fractions, although LEC rat membranes 

still demonstrated higher Cp concentrations compared 

with those in membranes from samples from SD rats 

(Fig. 8C).

On the basis of above findings, it was evident that de-

tected GPI-Cp bands in membrane fractions from LEC 

rats were more intense compared with membranes from 

healthy rats ; however, differences between aLPM and 

bLPM were indiscernible.

Discussion

A previous report27) indicated the presence of GPI-Cp 

in the liver in addition to its significant transcriptional ex-

pression in HepG2 cells.  Since then, it has been proven 

that even at the protein level, hepatocytes express the 

GPI-Cp isoform in addition to the secreted form of 

Cp6,7).  Nevertheless, knowledge regarding GPI-Cp in 

the liver is still limited.  We now confirmed the pres-

ence of GPI-Cp at both mRNA and protein levels in the 

rat liver. 

In fact, GPI-Cp localization in the liver was demon-

Fig. 6.  Phase partitioning of GPI-Cp in TX-114 liver membrane fractions.  Three membrane fractions were each 
subjected to either : (A) a mock incubation or (C) PI-PLC treatment to release the Cp proteins from the hydropho-
bic portion of its GPI anchor.  After extraction with TX-114 and partitioning of detergent and aqueous phases, 
same as before, proteins were separated using SDS-PAGE, transferred to a PVDF membrane, and probed with an 
anti-Cp polyclonal antibody.  Rat Cp was used as a positive control.  (B, D) Relative intensity of Cp protein 
expression in untreated and PI-PLC-treated membrane samples, respectively.

Fig. 7.  Ferroxidase activity of GPI-Cp in tLPM and 
aLPM.  GPI-anchored proteins, released from liver 
membranes by PI-PLC treatment, were subjected to 
native PAGE, and the gel was stained with p-phenyl-
enediamine to reveal the presence or absence of oxi-
dase activity.  In tLPM and aLPM, both whole mem-
brane samples (lane 1) and the PI-PLC treated 
supernatant (lane 2) demonstrated ferroxidase activity.

(44)
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strated here by following results : (i) tissue-surface 

staining was markedly decreased after treatment with 

PI-PLC ; (ii) the presence of mRNA corresponding to 

GPI-Cp was detected using RT-PCR ; and (iii) Western 

blot analysis demonstrated that PI-PLC-treated mem-

branes released a 148-kDa band that was immunoprecipi-

tated by a polyclonal anti-Cp antibody.  The treatment of 

whole cells or membrane preparations with PI-PLC has 

become a standard test for the presence of GPI-anchored 

proteins (GPI-APs).  Therefore, the 148-kDa band 

detected in the liver membrane after PI-PLC treatment 

confirms the presence of GPI-Cp in the plasma mem-

brane of liver cells.

In this report, we further analyzed the sorting of GPI-

Cp between apical and basolateral domains of liver 

cells.  We wished to determine whether GPI-Cp follows 

the typical transport route of GPI-APs in the liver, and 

whether the end point of GPI-Cp in the liver is linked to 

ferroxidase activity.  It is widely accepted that GPI-APs 

are directly targeted to the apical domain of the plasma 

membrane in majority polarized epithelial cells14,15).  Our 

results support the existence of GPI-Cp in both apical 

and basolateral parts of the plasma membrane ; however, 

this protein is significantly more abundant on the apical 

surface.  This phenomenon could be interpreted in 2 

ways : (a) GPI-Cp is expressed in both apical and baso-

lateral domains, but most of it is sorted to the apical side 

and (b) GPI-Cp, like other GPI-APs, follows the trans-

cytosis pathway during protein sorting.  The evidence 

that GPI-Cp has ferroxidase activity in the apical but not 

the basolateral membrane supports the second possibili-

ty. 

In addition, it was hypothesized that the presence of 

GPI-Cp in the brain, kidney, and retina corresponds to 

blood–tissue barrier for iron trafficking7).  Therefore, in 

the liver, an array of tight junction molecules line bile 

canaliculi, thereby forming the blood-biliary barri-

er29,30).  On the other hand, the presence of GPI-CP with 

ferroxidase activity in the apical membrane seems to be a 

novel finding, in line with the existing knowledge that Cp 

performs a majority of the ferroxidase activity in the liv-

er1-7).  Nonetheless, convincing evidence of the role of 

GPI-Cp in iron metabolism, particularly on the apical 

side, is yet to be elucidated.

Another significant finding in this work is the increased 

protein expression of GPI-Cp in the liver of LEC rats, 

which serves as an experimental model of hepatitis and 

Wilson’s disease.  Cp has been known to be an acute-

phase glycoprotein, whose gene has an IL-6 response el-

ement, and whose levels increase in blood in response to 

infection, inflammation, or trauma31-33).  To the best of 

our knowledge, there is no data on GPI-Cp levels under 

these pathological conditions.  Nevertheless, previous 

studies have reported increased GPI-Cp protein levels 

following copper accumulation7).  Because LEC rats 

form an appropriate animal model of Wilson’s disease34,35), 

which involves accumulation of copper in some tis-

sues36,37), GPI-Cp overexpression is an expected finding 

in LEC rats.

Fig. 8.  Increased Cp expression in liver cell mem-
branes of LEC rats.  (A) Detection of a robust 148-kD 
band in LEC rats compared with (control) SD rats.　　　
Cellular membranes of LEC rats revealed no significant 
difference in localization in tLPM, aLPM and bLPM, in 
contrast to the preference for aLPM in healthy rats.　　　
(B, C) Detection of a 148-kDa GPI-anchored protein 
by an anti-Cp polyclonal antibody in both normal and 
LEC membrane samples.  Membrane fractions of dif-
ferent domains were incubated with PI-PLC to release 
GPI-anchored proteins and eventually separated into 
the supernatant (B) and pellet (C).  Thereafter, ex-
perimental samples were separated using SDS-PAGE, 
transferred to a PVDF membrane, and probed with a 
polyclonal antibody to human Cp.  Rat Cp was used as 
a positive control.
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In conclusion, our findings extend previously reported 

data on localization of not only secretory Cp but also the 

membrane form of Cp (GPI-Cp) in the liver6,7).  More-

over, we were able to further pinpoint the location of 

GPI-Cp, which turned out to be the apical membrane of 

liver cells.  The apical membrane has short transit on 

the basolateral side, suggesting that GPI-Cp, like other 

GPI-APs, follows the indirect or transcytosis pathway 

during protein sorting.  More detailed research into its 

possible relevance to copper and iron metabolism in the 

liver is a subject of an upcoming project.
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