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Unlike ABCALI, there is no consensus sequence for gly-
cosylation in other extracytosolic loops. Lysosome-re-
lated organelles including the lamellar body have
proteolytic enzymes in their lumen, and therefore hAB-
CA3 may be cleaved at its lumenal loop after the second
N-linked glycasylation site (asparadine-140) in vesicular
structures as was reported for the yeast vacuolar ABC
transporter Yeflp [22,23]

Recently, we showed that human ABCA7 expressed
in HEK293 cells is localized at the plasma membrane,
and the first extracellular domain is exposed to the
extracellular space [24,25] as is the case for ABCALI
[25.26). ABCA7 showed apoA-I-dependent cholesterol
and phospholipid release [11.24] as ABCA1 [9.26]). On
the other hand, ABCA4 associates with intraceliular
vesicles when expressed in COS-1 cells [27). ABCA4 is
expressed in photoreceptors and transports retinal-phos-
phatidylethanolamine complexes across the photorecep-
tor disk membrane of rods [10.28.29]. ABCAS3 is not
targeted to the plasma membrane either, but to the
membrane of intracellular vesicular structures when sta-
bly expressed in HEK293 cells. This is consistent with
previous observations in which ABCA3 was mainly
localized at intracellular vesicles when transiently ex-
pressed in the human adenocarcinoma cell lines A549
or NCI H441 [7]. The size (0.6~lpm in diameter) of
the vesicular structures is also comparable with that of
lamellar bodies in alveolar type II cells. In conclusion,
ABCA3 may be involved in dynamics of cholestero!
and possibly also phospholipid, and the biogenesis of
lamellar body-like structures.
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Apolipoprotein-mediated release of cellular choles-
terol and phospholipids was induced in HEK293 cells by
expressing human ATP-binding cassette transporter A7
(ABCAT) and ABC transporter Al (ABCAI) proteins,
whether transient or stable, to generate cholesterol-rich
high density lipoprotein (HDL). Green flucrescent pro-
tein (GFP) atiached at their C termini did not influence
the lipid release reactions. Transfected ABCA7-GFP in-
duced apolipoprotein-mediated assembly of cholesterol-
containing HDL also in L929 cells, which otherwise gen-
erate only cholesterol-deficient HDL with their
endogenous ABCAl. Time-dependent release of choles-
terol and phospholipid by apolipoprotein A (apoA)-I was
parallel both with ABCA1 and with ABCAT when highly
expressed in HEK293 cells, but dose-dependent profiles
of lipid release on apoA-I and apoA-II were somewhat
different between ABCA1 and ABCA7. Analyses of the
stable clones with ABCA1-GFP (293/2c) and ABCAT-GFP
(223/6¢c) by using the same vector indicated some differ-
ences in regulation of their activities by protein linase
modulators. Dibutyryl cyclic AMP increased ABCA1-
GFP and the release of cholesterol and phospholipid in
293/2¢ but increased neither ABCA7-GFP nor the lipid
release in 293/6¢. Expression of ABCAI-GFP- and apoA-I-
mediated lipid release were enhanced in parallel by phor-
bol 12-myristate 13-acetate (PMA) in 293/2¢ cells. In con-
trast, the same treatment of 293/6¢ increased ABCA7-GFP,
but apoA-I-mediated lipid release was significantly sup-
pressed. Despite these different responses to PMA, all of
the effects of PMA were reversed by a specific protein
kinase C inhibitor G56976, suggesting that the changes
were in faet due to protein kinase C activation. A thiol
protease inhibitor, N-acetyl-Leu-Leu-norleucinal, in-
creased the protein levels of ABCAI-GFP in 293/2¢ and
ABCAT-GFP in 293/6c, indicating their common degrada-
tion pathway. The data indicated that human ABCA7
would compensata the function of ABCA1 for release of
cell cholestercl in a certain condition(s), but post-
transcriptions! regulation of their activity is different.

Cholestero! is essential for all animal cells as 8 membrane
constituent for regulation of its general physicochemieal prop-
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wilh 18 U.S.C. Section 1734 sulely Lo indicete this facl,

VT whom correspondence should be gddressed, Tol.: 81-52-853-
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erties and functions of specific domains. Cellular cholesterol
can be derived by de novo synthesis or externally supplied via
the uptake of cholesterol-containing lipoprotein particles. In
contrast, most of the cells are unable to catabolize cholesterol
so that cholesterol molecules must be removed from the cells
and transported to the liver for their conversion to bile acids as
a major exit route of the body cholesterol. Thua cholesterol
transport from the peripheral eclls to the liver is an essential
part of cholesterol homeostasis, both for cells and for the body.
High density lipoprotein (HIDL)! is believed to play a central
role in Chis pathway.

Lipid-free apolipoproteins with amphiphilic e-helical seg-
ments were demonstrated to remove cellular lipids to generate
cholesterol-containing HDL (1, 2). This reaction was shown
deficient in fibroblasls from patients with familial HDL defi-
ciency, Tangier disease (3, 4}, and therefore found essential for
generation of plasma HDL. Mutations were identified in one of
the members of ATP-binding cassette (ABC) transporter super-
{amily, ABC transporter Al (ABCA1), as the cause of Tangier
disease and other genetic HDL deficiencies (5-9) so that a
role of thia pratein in the generation of HDL, by apolipopro-
tein-cell interaction became the focus of the HDL research.
ABC transporter (i1 (ABCG1), an ABC transporter protein of
a “half-aize” structure family, has also been reparted Lo reg-
ulate the apolipoprotein A (apoA)-I-mediated lipid release
from lipid-laden macrophages (10). However, il is unclear
whather this protein can generate HTM, in the absence of
ABCA1.

ABC transporter AT (ABCAT) is another member of the same
ABCA subfamily of “full-size” Lransporter as ABCAL, and ils
cINA has been cloned from the human macrophage and spleen
¢DNA libraries exhibiting high homology to other human ABC
transporters (11). ABCAT has also been identified as the au-
toantigen 88-N, an epilope of Sjigren’s syndrome, which was
found homnlogous to the putative first extracellular domain of
ABCAL (12). ABCAT mRNA and protein were induced in dif-
ferentiated macrophages from human peripheral monocytes,
and it was apparently expressed inversely to the cellalar cho-
lesterol level (11). Although an exact role of ABCAT in cellular
cholestero] homeostasis is unkpown, it may play a relevant role

* The abbreviations used are: HDL, high density lipoprotein; ABC,
ATP-binding cassette; ABCAL, ABC iransporter Al ABCG1, ABC
transporter (:1; ABCAT, ABC (ransporter A7: GIFP, green fluorescent
protein; DF, Dulbecs's modified Bagle's medium and Ham's F12 me-
dinn; FCS, felal ealf werum; apod, spolipoprelein A; BSA. bovine secum
albumin; lysoPC, lysophiesphatidyleholines ABcAMP, dibutyryl cyelic
AMP; PMA, phorbol 12-myristale 13-acetate; ALLN, N-a cetyl-Leu-Toy-
Enrlcucimll; PEC, protcin kinasce ¢ PKA, cAMP-dependent prolein

inuse,
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TaeLE I
ApoA-l-mediated lipid release from parent HEK293 cells trealed with protein kinase stimulanls
Cells were subeultured in 8-well trays at o density of 1.0 X 10" coll/well and incubaled for 45 h. The cells were washed with budfer II, und 1
mliwell of 0.1 % BSA-DF containing apoA-T (10 gg/ml), dBcAMP (300 pM) and PMA (320 nM) was added as indivated. Medinm was collected after
24 b for chelestersl (Ch) and phospholipid (PL) analysis {ugfwell). Hesmlta shown are the average and variation for two samples.
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apoA-I + + i +
dBcAMIP? + +
PMA + +
Ch 0.02 = 0.01 =0.01 = 0.03 0.05 = 0.03 0.02 = 0.00 0.02 * 0.01
PL 0.53 + 0.00 0.62 x0.12 0.69 = 0.07 0.62 = 0.07 0.59 + 0.03

in regulation of chioleslerol turnever in some specific cells such
a3 macrophages.

Recently, it was reported that mouse ABCAT promotes apoA-
I-mediated phospholipid release but failed to release choles.
terol (13), Here we report that human ABCAT mediates apoli-
poprotein-dependent generation of HDL by releasing both
celhular cholesterol and phospholipid even in the absence of
ABCAL Although the reaction is largely similar to that of
human ABCAL, apparent affinity of apolipoproteins for the
cells is different. Repulations of its expression and activity by
protein kinase aclivators are also different from those of
ABCAL.

EXPERIMENTAL PROCEDURES

DNA Construction and Transfection—Full-length cDNAs for human
ABCALl and ABCAT were cloned as deseribed previously (12). They were
introduced to peDNAS. L/Hygro (Invitrogen), pCMV6e, and pEGFP-N1
Clontech) Lo oblain conslruels for the proteins withoul or with green
fluorescent protein (GFP) at their C terminus. All the vectors have an
imxuediate early promoter of cytomegalovirus promoter for expression
of cDNA. HEK293 and 1929 cells were obtained from Health Science
Research Resources Bank and maintained in 1:1 mixture of Dalbecco’s
modified Eagle’'s medium and Ham's F12 medium {DFY supplemented
with 10% {v/v} of fetal enlf serum (FCS, Invitrogen) under a humidified
atmosphere of 5% CO,. 95% air al. 37 “C. cDNAs were trunsfected with
Lipofect AMINE PLUS reagent (Invitrogen) according to the manufac-
tarer’s instruction, Cells Lo which the cDNAs were permanently intro-
dueed were selected with G418, and clones with high leve! expression of
the fusion proteins wore further selecled according to the fluorescent
intensity with GFP.

Detection of Expressed Proteing --Western blotting was carried out
with an anti-ABCA1 antiserum (14, 15), a rat polyclonal aali-ABCAT
antibody, and an anti-GFP* antibedy (Santa Cruz Biotechnology) to
indicate the expression levels of the proteins. To generate the anti-
ABCAT antibody, the pulative fimsl extracellular domain of human
ABCAT, amino acids 45-459, was expressed as a fosion protein with His
Lag ut the C terminus in Escherichio coli, purified by Ni* chromatog-
raphy (Qiagen)? and wsed for immunization. Expression levels of
ABCA1L-GFP protein and ABCAT-GFP protein were also measured in
situ with an FL60O fluorescent plate reader (Bio-Tek Inc). Cellular
NMuorescence was measured as Muorescent intensity per unit area, QFP-
derived derived fluorescence was ealeulated by subtracling background.
Intracellular localization of GFP-containing protein was examined by
their fluorescence images obtained by using an Axiovert microscope
(Catl Zeiss) equipped with a MicroRadiance confocal laser seanning
microscope (Bio-Rad).

Apolipoproteins-—ApoA-1 and apoA-l were isddated from human
plasma HDL fraction {(density 1.09. 1.21) and stored at 80 *C until uge
as described previously (16, 17). Slock solutions (1 mg/mD were pre-
pared and etored at 4 °C as described previonsly (18).

Cellular Lipid Release Assay—Cells were subeultured in 6-well trays
(TPP eatalogue number 92408) at a densily of 1.0 X 10° ecllsfwell with
10 FCS-DF medium. After a 48-h incubation, the cells were washed
onee with buffer I1 (Flank’s balanced salt solution containing 20 mm
HEPES-KOH (pH 17.5) and 14 mM glucose), and incubated in 1 mlfwell
of DF tnedium containing 0.02% bovine scrum albumin (BSA) and lipid
acceptors (apoA-T, apoA-TlL, and 2-hydroxypropy)-g-cyclodextriny, Buffer
H supplemented with amino acids {Invitrogen catalogue number 11140-
&0) wan used instead of DF medium jn some experiments to reduce the
endogenous fluorescence background in DF medium, Lipid content in
the medium and cells was determined after the indicated incubation

¥ R. Acki and K. Ucda, unpublished resulis,

times. Procedures for lipid extraction and enzymatic assays for chales-
teral and choline-phospholipids were deseribed previously (18). Engyme
asany in combination with lysophospholipase, glycerophosphorylcholine
phosphodiesterase, and choline oxidase (19) was also applied to evalu-
ate the level of lysophosphalidylcholine (ysoPC), a eausal molecule for
background in choline-phospholipid assay.

Density Gradient Anulysis—Cells were subculiured in 100-mm
dishes (PP catalogne number 93100) at a density of 8.0 x 10% cells/
dish, cullured as above and stimulated with & ml/dish of DF medium
containing (.1% BSA and 10 pg/ml apoA-l for 24 . Medium from two
dishes was combined and centrifuged to remaove cell debris, and & m) of
the supernatant was processed for sucrose density gradient ullracen-
trifuge (1). The solution was collected from the bottom into 12 fractions.
The contents of cholesterol and choline-phospholipids as well as the
density were determined for each fraction.

Statistical Analysis.-Data were analyzed by one-way analysis of
varience followed by Scheffés test. A p value less than 0.05 wos ae-
cepted as statistically significant.

RESULTS

Parent HEK293 cells did not respond to apolipoproteins to
release either cholesterol or phospholipid (Table I). Treatment
with dibutyryl eyelic AMP (dBeAMP) and phorbul 12-myristale
13-acetate (FMA) with or prior to apoA-l stimulation had no
effect either (Table T and data not shown). Transient expression,
of ABCAL ¢cDNA and ABCA7 ¢DNA in HEK293 cells resulted in
apoA-l-mediated release of both cholesterol and phospholipid
in a dose-dependent manmer (Fig. 1), and attachment of GFP to
the C terminus of ABCA7 or ABCAL did not influence these
lipid releases (see below). For further investigation of the fune-
tions ol ABCAT, we therelore obtained stable clones expressing
high levels of ABCAL-GIP protein and ABCA7-GFP protein.

Release of cholestersl and phospholipid by incubation with
apoA-I was demonstrated at least in three independent clones
highly expressing ABCAL-GFP and also three clones express-
ing ABCA7-GFP, indicating that the reaction is not clone-
specific but cINA-specific. Western blotting data of parent
HEK293 cells, the cells with or without transient expression of
ABCAL and ABCA7, and ABCAL-GFP-expressing clone (293/
2c) and ABCAT-GI'P.expressing clone (203/6¢) are shown in
Fig. 2. Neither ABCA1 nor ABCAT protein was detected. in
parent HEK293 cells. ABCAL- and ABCA7-containing bands
were detected at the position consistent with these of QFP-
attached molecules in 293/2c and 293/6¢ cells, as ABCAL-GFY
and ABCA7-GFP at 260270 and 240--260 kDa, respectively
(Fig. 2, C-E). ABCA1 prolein expression leve! per cell prolein in
293/2¢ cells was estimated as about 20-fold of that in human
fibroblast W18 and mouse fibroblast 1,929 by Western blotting
analysis (data not shown). GFD protein expression was ~1:3
between 203/2c and 293/6c¢ cells based on Weslern blolting
analysts results (Fig. 2¢) and measurement of fluorescence (see
Figs. 7C and 9C, compare the group 0). Confocal microscopic
annlysis revealed that ABCAL-GFP (20) and ABCAT7-GFP (Fig.
2F) were localized mainly in plasma membrane, as was re-
cently reported in CHO colls stably expressing rat ABCA7 (21)
and in HEK293 cells transiently expressing mouse ABCAT
(13).

Typical profiles of lipid release by apoA-I and apoA-IT from
293/2c and 293/6¢ cells are shown in Fig. 3. LysoPC assay
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FiG. 1. ApoA-I-mediated release of cholesterol (Ch, 4 and B}
and choline-phospholipids (PL, € and D) from HEK293 cells
transiently expressing ABCAl ¢DNA (4 and €} and ABCA7
¢DNA (B and D). Parent HEK293 cells were subeullured in 6-well
trays al n densily of 1.0 # 10% cellAwell and incubated for 24 b, The cells
were translected with 1.0 pgAvell of ABCAT/peDNA3. U yero (4 and O
and ABCA7/pCMVEe (B and D). Alter a 24-h incubation, the cells were
washed with buffer 11 (sec “Experimental Procedares®), 1 mliwell of
0.02% BSA-DF centaining various concentrations of apoA-T as indi-
enled. Medium wan collected after 24 b for lipid analysis. Resulis shown
are the average and variation for two samples, Error bars are not.shown
when found to lie within the symbela. The amounts of total cellular
cholesterol and choline-phespholipids in the cells at the starting time of
apoA-l-incubation (48 h after subenlture) were 12.0 + 0.5 and 92.3 *+
3.3 pgiwellin ABCAV/peDNAS. UHygro-transfected cells, and 12.8 £ 0.4
and 105.5 = L4 pgfwell in ABCAT/PCMVGe-transfected cells, respec-
Lively (average % S.D. for gix samples).

confirmed that most of the choline-phospholipids released to
the medium in the absence of apolipoproteins was lysol’C and
that its level was independent of apolipoprotein concentration
(data not shown}. The dose-dependent, curve of the reaction by
apoA-I1 was similar to that of apoA-] with respect to molar
coneentration of the proteins for both cholesterel and choline-
phospholipid (Fig. 3). These results indicated that ABCAT di-
rectly promotes both cholesterol and phospholipid efflux to
apoA-T, just as ABCA1 doees, The releases of phospholipid and
cholesteral appear parallel by inereasing concentrations of
apoA-I and apoA-II in 293/2¢ (ABCAL-GFP) and 29¥/6c
(ABCAT7-GFP). The lipid release seemns to reach the maximum
at lower concentration of apolipoprolein with the ABCAl-ex-
presing cells (293/2c) than the ABCAT-expressing cells (293/6¢).
The ECg, for the apoa-1 mediated release of cholesterol and
phospholipid from 293/6¢ cells was ~4.5 and 4.2 pg/m) (0.16
snd 0.15 pM), respectively, whereas 1.8 and 1.2 pg/ml (0.084
and 0.043 uMm) for that from 293/2c cells (Fig. 3 and data not
shown). Time course analysis of apoA-I-mediated lipid release
supported Lhe idea of simultaneous release of phospholipid and
cholesterol both from 293/2¢ cells and from 298/6c cells as
cholesteral and phospholipid in the medium were well detect-
able as early as 1 h after apoA-l stimulation, and they in-
creased linearly for 8 h (Fig. 4). Densily gradient analysis of the
medium demonstrated that both cholesterol and phospholipid
were recovered in the fractions with a density peak at around
1.08 g/ml, indicating that HDL particles were generated from
the ABCAT-GF™-expressing cells similarly to the ABCAL-GIFP-
expressing cells (Fig. 5).

Expression of ABCAT-GFP also induced cholesterol release
in 1.929 cells. We reported elsewhere that 1,929 cells release
phospholipid but not cholesterel by apoA-I (22). As shown in

ABCA7 Mediates Generation of HDL by Apolipoprotein

Fig. 6, parent 1929 cells released only phospholipid to apoA-I
even at high concentrations of apoA.] (opern symbols). Stable
expression of ABCA7-GFP protein in 1929 cells caused sub-
stantial release of choleslerol together with enhancement of
phospholipid release (closed symbols). The level of endogenous
ABCAL expression was not affected in L929 by transfection and
expression of ABCAT (Fig. 6C).

Both dBcAMI* and PMA enhanced apoA-I-mmediated Lipid
release and ABCA1-GFP protein level in 293/2¢. Tn the pres-
ence of dBcAMP (300 1) or PMA (320 nm) with apoA-1, signif-
icant increase was induced in cholesterol and phospholipid
release from 293/2¢ cells (Fig. 7, A and B, open columns). The
increase of the lipid release was correlated with elevation of
ABCAIL-GFP prolein level evaloated by GIFP-derived fluores-
cenee intensity and Western blotting analysis (Figs, 7C and 84,
lanes 2-7). The effects of dBeAMP and PMA were slightly
synergistic, although nol additive, in the condition lested.

Previous works demonstrated protection of ABCAL by apoli-
poprotein against thiol protesse-mediated degradation (15, 22.-
24). ApoA-I increased protein levels of ABCAL (Pig. 84) and
ADCAL-GFP (Fig. 7C and olher data not shown) expressed in
HEK293 cells, consistent with the previous similar experi-
ments (23, 24). A thiol protease inhibitor, N-acetyl-Leu-Leu-
norleucinal (ALLN), enhanced apoA-I-mediated lipid release
and ABCA1-GFP protein level as well as the increase of GFP-
derived fluorescence in 293/2c (Figs. 7, A-C, and 84).

In contrast, treatment with dBcAMP did not, affect apoA-I-
mediated cholesterol or phospholipid release in 293/6¢ cells,
and PMA decreased release of both lipids (Fig. 9, A and B,
shadowed eolumns). On the other hand, apoA-I and ALLN
caused the increase of ABCA7-GFP in 29¥/6¢, although (he
increase in cholesterel and phospholipid release was not sta-
tistically significant (Figs. 8B, 9, A and B, hatehed columns).
ABCAT-GTP protein level was not significantly affected either
by dBeAMP, whereas it was slightly up-regulated by PMA
{Figs. 88 and 9C). None of the eompounds tested influenced
non-gpecific cholesterol release Lo 2-hydroxypropyl-g-cyclodex-
trin from 293/2c or 293/6¢ (dala not shown). These effects of
dBeAMP, I'MA, and apoA-I were similar in HEK293 cells tran-
slently or stably expressing ABCA7 (Fig. 8B, lanes 14, and
data not, shown)

Induction of ABCA1 and ABCA7 by dBcAMF or PMA was
further investigated in 293/2¢ and 293/6c cells, respectively, by
monitoring their GFP-derived fluorescence (Fig. 10). In 293/2¢
cells, PMA induced the transient increase of ABCA1-GFP flu.
orescence, as the increase was evident after 2 h, reaching a
peak at 8-12 h (Fig. 104). dBcAMP-induced fluorsscence in-
crense wag rather continuous at least up to 30 b after o time lag
of 4~-6 h, The cffect of these two compounds were additive.
Continuous monitoring of cellular fluorescence in the Munres-
cence-free medium yielded similar results (data not shown).
Being consistent with these resulls, the apoA-T-mediated lipid
release from 203/2¢ for 4 h was not affected by dBeAMP but was
ephanced by PMA (data not shown). In 299/6¢ cells, fluores-
cence level was changed neither by dBeAMP nor by PMA (Iig,
10B). Fluorescent levels were increased in parallel with Npid
release in 203/2¢ cells when treated with ALLN, whereas the
increase was slight and unsustainable in 293/6¢ (data not
shown).

G6978, a PKC inhibitor (25), reversed all of the changes
caused by PMA, In 293/2¢ cells, the enhancement of apoA.T-
mediated lipid release and ABCAL-GIP induction was inhib-
ited (Figs. 84 and 11, A-C). In 298/6c cells, suppression of the
apoA-I-mediated lipid release by PMA was recovered (Fig. 11,
D and E), whereas the ABCAT-GFP level was reduced to Uhe
control level (Figs. 88 and 11¥). G46976 alone had no signifi-
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F16. 2. Detection of ABCAl- and ABCA7-containing proteins in HEK293 cells. A und B, Western blotting analysis of transiently expressed
proteins. Parenl HIEK293 cells wore cultured and Lrunsfected with ABCAL/pcDNA3. M Hyero (A, fanes 1 and 2), ABCAI-GFP/peDNA3.T (A, lenes
3 and 4), ABCAT/pCMVEe (B, lanes 1 und 2), and ABCAT-GFP/peDNAS.L (B, kines 3 and 4) g5 in Fig. 1. Cells were collected afler 30 h for erude
membrane preparation. Membrane proteins (80 ug for A, lanes 1 and 2 end B; 40 pg for A, lanes 3 and 4) were neporated on a 65.5%
SD8-polyacrylamide gel, transferred onto Tmmobilon (Millpore), and analyzed by using rabbit anti-ABCAT antiserum (4) and rat polyclonal
anti-ABCAT antibody (k) (B). C-E, Western blotting analysis of 293/2¢, 203/6c, and parent HEK293 cells. Cells were cultured in 10% FCS-DF and
processed to prepare crude membrane fraction. 20 1g of membrane proteins were separated as above and analyzed by using rabbit anti-ABCAI
antiserum (C), rat polyclonal anti-ABCA7 antibody (D), and mouse monoclonal anti-GFP antibody (E). Lune 1, 293/2¢; lane 2, 293/6c; Lane 3, parent
HEK293. F, subeellular localization of ABCAT-GFP protein. The 208/Ge cells were cultured on a S5-mm glass-dish {Iwaki). Fluorescence images
of the GFP were obtained us described under “Experimental Procedures.”
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F16. 3. Release of cholesterol (Ch, A and B) and choline-phos.
pholipids (PL, C and D) from HEK293 cells mediated by apoA.I
(4 and C) and apoA-II (B and D). Culls were subeultured in 6-well
Lrays at a density of 1.0 2 10° cell’well and incubated for 48 L. After
washing with buffer H, cells were incubated in 1 mliwell of 0.02%
BSA-DF containing apolipoproteins at the concentrations indicated.
Concentrations of cholesterol and choline-phespholipid in the medinm
from 293/2c (open symbols) and 293/6¢ (shadowed symbols) cells were
determined after 16 1. Results shown are the average and variation for
two samples. Error bars are not shown when found to He within the
rymbols. The amounta of total eellular cholesterol and choline-phospho.
lipids in the cells at Lhe starting time of apoA-l incubation were 9.2 +
0.6 and 40.4 = 2.4 pgfwell in 293/2c cells and 9.2 * 0.5 and 36,2 = 2.3
fgfwell in 293/Ge cells, respectively (average * 8.1, for eight sainples),

cant effects on apoA-I-mediated lpid release from 293/2¢ or
293/6c (Fig. 11).

DISCUSSIGN

The function and its regulation of human ABCAT was stud-
ied by using itz expressing system of in 11K293 cells. ABCAT
exhibited a funetion for generation of cholesterol-containing
HDL upon the interaction with apoA-I and apoA-II a0 nach as
human ABCAL does. Response of ABCAT te protein kinase
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Fi6. 4. Simultaneous and time-dependent increase in apoA.l-
mediated release of cholesterol (Ch) and choline-phospholipid
(PL) from 293/2¢ and 293/6¢ cella. 293/2¢ (A and B) and 298/6¢ (C and
D) cells were cultured for 48 h as in Fig. 3, After washing with buffer H,
tells were incubated in 0.02% BSA-DF containing 10 il apoA-l.
After the incubation time indieated, cholesterol (A4 and €) and choline
phaspholipid (B and D} content in the medium was measured. Results
shown are representative from two independent sets of experiments
afler subtruction of the background. Each data point is from a single
sample for 203/2¢ and from two samples for 293/6¢.

mnodulators, dBcAMP und PMA, was somewhay different from
ABCAL. ABCAL1 protein level was increased by either reagent,
and its function for mediating the apoA-l-mediated lipid re-
lease was increased in parallel, whereas ABCA7 and its activ-
ity were not increased by dBcAMP. In lerestingly, ABCAT was
slightly increased by PMA, but its activity for mediating lipid
releage by apolipoprotein was rather suppressed. All of the
effects of PMA were reversed by PKC-specific inhibitor G978,
indicating that they are mediated by PKC,

Deficiency of ABCA1 causes loss of plasma HDL, as demon-
strated in ibe patients with Tangier disease (5-9) and in
ABCAL knockout mice (26, 27), to indicate that there is no
significant compensatory backup system for supply of plasma
HDL. At the cellular level, however, ABCGIL may function as a
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Fié. 5. Density gradient analysis of lipids released from 293/2¢
(4) and 283/6c (B} cells. Cells were cullured and stimulaled with 10
fsfml apoA-I. Medium was processed as deseribed under “Experimental
Procedures.”
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Fte. 6. Effeet of ABCA7 expression in 1.929 cella. A and B, release
of cholesterol (Ch. A) and choline-phospholipids (PL, B) mediated by
apoA-l from parent L929 cells {open symbols) and L929 cells stubly
expressing ABCAT-GFP protein (mixiure of several clones)shadowed
symhols). Cells were subcultured it 6-well trays al o density of 5.0 % 10°
celliwell and processed as in Fig. 3. Results rhown are Lhe average and
variation for two samples. Error bars are ot shown when found to lie
wilbin Lhe eymbols. The umounts of total cellular cholestersl and cho-
line-phespholipids in the cells at the starting time of apoA-I-incubulion
were 12,1 = 0.5 and 43.3 * 0.4 pg/wellin parent L929 cells and 10.3 =
0.2 and 68.3 * 3.7 peiwell in LYLY cclls slably expressing ABCAT-GFP,
respeclively taverage  8.D. for six samples). €, ABCAL prolein level in
L929 cells, Parent L929 cells (fane 1) and ABCAT-GFP-exprossing Lo2g
cells (lane 9) were cultured and processed as described in the legend for
Fig, 2. Membrane protein (100 pg) was analyzed by Western blotting for
each cell line cells,

regulator of lipid transport in lipid-laden macrophages, al-
though its in vive function is not defined. Suppression of ABCG1
expression with the ABCGl-specific antisense oligonucleotide
caused 32 and 25% reduction of the release of chalesterol and
phespholipid, respectively, whereas ABCA1 expression was not,
down-regulated (10). It was also shown that lovels of ABCG1
mRNA in non-cholesterol-laden macrophages from two putients
with Tangier discase were significantly greater than controls,
altheugh the fimetion of ABCG1 was not examined (28).

We demonstrated that human ABCAT mediates the apoli-
poprotein-dependent cellular lipid release and conseqgtent
assembly of new HDL in a very similar manner as human

ABCA7 Mediates Generation of HDL by Apolipoprotein
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Fic. 7. Effects of dBeAMP, PMA and ALLN on apoA-T-mediated
Hpid release and ABCA1-GFP protein level in 203/2¢ cells. 293/2¢
cells were cultured for 48 h as described for Fig. 3. The cells were then
wushed with buffer H, cultured in 0.02% BSA-DT' withoul (open col-
umns} or with (hatched columns) 60 ¢ ALLN and reagents indicated.
Medium was collected after a 9-h incubation for lipid analysis. Remain-
ing cells were washed with baffer H, and GFP-derived fluorescence wos
measured. Results represent the average and variation for two samples
of the lipid release and means = 8.D. for three samples of cellular GFP,
reapectively. uf, a2, and ait, p < (L05, 0.01, and 0.001 versus group 18
without ALLN; 52,52, and b4, p < 0L05, 0.01, and (.00T versus group 10
with ALLN; ¢I, ¢2, e3, p < 0,05, 0.01, and 0.001 smong the groups
indicated. Ch, cholesterol; PL, phospholipid.

ABCAL in vitro. Our experimental protocol falfills the condi-
tion to observe the effect of ABCAT in the absence of ABCAL
so that this is an isolated function of this protein, at least in
vitro. The results from 1929 cells expressing ABCAT-GFP in
addition to their endogenous ABCA1 (Fig. 6) suggested that
the effects of ABCA1 and ABCAT in apolipoprotein-mediated
HDL generation may be synergistic. However, it is not clear
whether ABCAL and ABCAT generate TIDL particles inde-
pendently, cholesterol-deficient HDLs and clholestercl-con-
taining HDLs in this case. The reaction mechanisms of
ABCA1 and ABCT should be further investigated, including
their difference, cross-talk, and physiological relevance.

In HEK293 cells, release of lipid may reach maximum at a
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I'1¢, 8, Effects of apoA-I, dBcAMP, PMA, G§6976, and ALLN on
ABCA1 and ABCAT protein levels. HEK293 cells stably expressing
ABCA] (mixture of several clones, 4, lanes I-4), ABCAL-CI'P {clone
202/2¢, A, lanes 5-11), ABCAT (mixture of several clones, B, lanes 1-4),
and ABCAT-GFP (clone 293/6¢, B, luney §-11) were cultured as de-
scribed under “Experimental Procedures.” Aflor a 48-h incubation, cells
were washed with buffer H, and then 0.02% BSA-DT medium contain-
ing the eompounds indicated was added. The final concentration of
apoA-1, dBcAMP, PMA, Gi6976 and ALLN was 10 pgfml, 800 uM, 320
nM, 10 pt. and 50O pM, respectively. Cells were cultured for another 16 h
and eollected for membrane preparalion. ABCA1 (A) and ABCAT ()
protein were detected by Western blotting.

slightly lower concentralion of spoA-I and apoA-I1 (2-5 ug/ml)
when ABCAl was expressed than in the cells expressing
ABCAT (maximuim at 20-30 pg/ml apoA-I) (Figs. 1 and 3). The
results with ABCAI were apparently congistent with previous
findings with RAW264 where ABCA1 was strongly induced by
dBcAMP, as shown by oligonucleotide array analysis that the
mRNA level was increased 10-fold, whereas ABCAT mRNA
level was low and not affected (18). A similar dose-dependent
curve was observed with human fibroblast WT-38 cells in which
ABCA1 was found (22) but not ABCA7 (data not shown). Fur-
iher investigation is required for understanding the underlying
mechanism for this apparent ditference in kinetic profiles of the
HDL assembly reactions between ABCAT and ABCAT.

HEK293 cells transiently expressing mouse ABCAT released
phospholipids but not cholesterol by apeA-1, even in the pres-
ence of seavenger receptor-Bl or loading of extra cholesterol
mass (18). As ITEK293 cells transiently expressing mouse
ABCA1 were able to generate cholesterol-containing HDL (13,
29}, the difference may be hetween human ABCAT and mouse
ABCA7T.

The effect of dBeAMP on ABCAL-GTP level in 293/ is
consistent with the previous reports, an increase of ARCA1
mRNA in human fibroblasts (22), RAW264 cells (18, 30), and
macrophages {31) by cAMP analogues. It has been reported
that there is a cAMP-responsive element in the ABCAT pro-
moter (32). However, neither ABCAL protein (Fig. 1 and data
not shown) nor apoA-I-mediated HDL generation (Table I} was
detected in parent HEK293 cells even after the dBcAMP treat-
ment so that it is unlikely that the enhancement of the ABCA1
activity by dBcAMP in 203/2c is carried out, by this cAMP-
responsive element of the endogenous ABCAL gene. In fact, no
Immunoreactive band was detected tn 293/2c at the position of
lower molecular weight than ABCA1-GIFP even after the cAMP
treatment. The promoters of the transfecled (YNAs were com-
mon (immediate early promoter of cytomegalovirus) for
ABCAI1-GFP and ABCA7-GFP and dBcAMP did not increase
ABCAT-GFP so that the effect of cAMI in this case is likely to
be on the post-transeriptional modulation. )

ABCAL protein expressed in Xenopus oocytes was phospho-
rylated by PKA, in a cell-free system (33), and its activity as an
anjon transporter was enhanced after short term treatment
with PKA activators (33). Also, 8-bromo-¢AMP promoted phos-
phorylation of ABCA1 by a 1-h incubation in normal human
fibroblasta and increased the apoA-T-mediated release of cho-
lesterol amd phospholipid without changing its mRNA or pro-
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Fia. 9. Effects of dBcAMP, PMA and ALLN on apoA-I-mediated
lipid release and ABCA7-GFP protein level in 293/8¢ cells. 295/6¢
cells were processed in the same way as in Fig. 7. Results represent ihe
average and variation for lwe eamples. Legends are same as in Fig, 7.
Ch, cholesterol; PL, phospholipid.

tein level (34). A more recent report indicated that phosphoryl-
ation by PKA at a specific site of ABCA1 is constitutive but
important for the apoA-l-mediated phospholipid release (35).
Our results seem rather consistent with the cellular conditions
similar to Xenopus vocytes (33) or fibroblasts (34). Regulation of
ABCAT by PKA may then be different in this regard.

The effect of the PKG activator, PMA, also differentiated the
response of ABCAL and ABCA7. ABCAL-GFP in 293/2c was
increased by PMA, and the activity also scemed increased in
parallel (Fig. 7). In contrast, PMA decreased the apoA-[-medi-
ated lipid release from 293/6c expressing ABCA7-GTP Tig. 9,
A and B), whereas it did not cause significant reduction of the
GEP-derived fluorescence (IMigs. 8C and 11F). These effocts of
PMA were all reversed by G668976, an inhibitor of Ca?*-depend-
enl isoform(s) of PKC (25). The data indicate that specific
activities of ABCA7 can be modulated by FKC.

Turnover of ABC transporters has not been fully understood.
We recently reported that degradation of ABCAL is protected
by apolipoprateins from the degradation by thiol prolease, most
likely calpain {15, 24). ALLN was cffective to increase ABCAL
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protein expressed in HEK293 cells, indicating that ABCAL
prolein expressed by the exogenously transfected ¢cDNA is me-
tabolized by the similar mechanism, being consistent with
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Fri. 10. Time course analysis in GFP-derived fluorescence in
293f2¢ (4) and 293/8c (B). The clone cells were subcutlured into
12-well trays 5.0 4 10° cellaAvell and enttured for 64 hin 10% FCS-DF.
Reagents indicated were added into the wells at the time 16, 40, 52, 60,
62, and 63 h after subculture. The final concentrations of dBcAMP and
PMA were 300 iM and 320 nu, reapectively, At 84 h of Lhe incubation
after subculture, medium was removed, cells were washed with buffer
I1, and cellular flacrescence was measured. Data are relative to control
cells that were maintained in 10% FCS-DF throughout the experiment.
In this experimental condition, a 48-h incubation with dBcAMP did not
aflect cell growth, whereas P'MA suppressed it by about 15%. These
cffects were same for parenl HEK293 cells, 293/2¢ cells, and 283/6¢
cells. Resulla vepresent means + 8.1, for three sem ples.
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other repurts (23, 24). The results with the transfected ABCAT
were largely similar to those with ABCA1, showing that the
metabolic pathway of these proteins are common.

The physiological relevance of the activity of ABCA7 re-
ported in this study should be further investigated. ABCAL
distribution is ubiquitous {33), and its dysfunction results in
the logs of plasma HDL (5-9), wherens tissue distribution of
ABCAT is reportedly restricted to myelo-lymphatic tissues in
homan (11) and mouse (36) or preferentially in platslets in rat
{21) and mouse (13). Therefare, the ABCAT-mediated lipid re-
lease may not contribute significantly to a source of plasma
HDL. However, it may still play an important role in cellular
cholesterol homeostagis in particular tissnes including macro-
phages. In Tangier disease, accumulation of cholesteryl ester is
found in foamy histiccytes in the reiticuloendotherial system,
fibroblasts of the cornea, melanocyles, Schwann cells, neurons,
and non-vascular-muscle cells (37). It is interesting to point. out
that Tangier disease patients appear Lo be only at moderately
increased cardiovascalar risk despite the almost complate loss
of plasma IDL and considerable cholesterol ester accumula-
tion in resident macrophages of many tissues (37). ABCA1
knockout mice showed Lissue distribution of lipid depoesition
identical to Tangier disease and no aboormalities in aorla even
in aged mice (38). These findings may suggest that there is a
protecting system against the development of atheroseleresis
even in the absence of ABCAL, and the ABCA7-mediated lipid
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Fic. 11, Effects of Go6876 on the
apoA-I-mediated lipid release and
the GFP protein level for 293/2¢ (A-C)
and 283/8¢c (D-F). The cells were cul-
tured for 48 h as described in the legend
for Fig. 3. The cells were then washed
with buffer H, enltured in 0.02% BSA-DF
without {mpen columns) or with (Ratcked
columns) 10 pM G6GY76 and substances
indicated, Medium was collected after an
18-h incubation for lipid analysis. Re-
maining celle were processed as in Fig, 7.
Results represent means = 8.1, for three
and six samples in lipid release and cel-
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release from macrophages in the vascular wall is one of the
candidates. In fact, ABCAT protein is detected in peripheral
blood monocytes after in vitro dillerentiation into macrophages
followed by acetylated LDL loading (11). Specifie roles of this
protein should be examined, especially in atherosclerotic
tissues,

Further study of the mechanism by which ABCAT mediates
the release of cholesterol and generation of HDL should provide
us with important information for intracellular trafficking and
homeostasis of cholesterol by comparing it with ABCAIL. It
would also lead us to novel strategies for reatment of athero-
sclerosis. Controlled induction of ABCA7 in certain specifie
organs, tissues, or cells, such as macrophages and lympho-
myeloid cells, would be efficient to remove cholesterol from
peripberal {issues (o prevent alherosclerosis, by itself or in
coordination with ABCAL,
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#BSTRACT. The effects of 3, 3°, 4, 4", S-pentachlorobiphenyl (PCB-126), which is the most toxic congener of coplanar polychlorinated
biphenyls (Co-PCBs), on intracellular accumulation and transepithelial transport of vinblastine were examined in porcine kidney cells,
LLC-PK]1, and its transformant cells expressing human P-glycoprotein (LLC-MDRI1). The accumulation decreased less than one-tenth
in LLC-MDRI compared to LLC-PK1. In both cells, the accumulation increased with the addition of PCB-126 and cyclosporine A
(CYA), which are P-glycoprotein moduiators, though the magnitudes were different in these two cell groups as well as for these two
chemicals. Thus, PCB-126 might inhibit exirusion of vinblastine through the drug extrusion system as does CYA. In both the cells,
there might be an endogenouns drug extrusion system other than P-glycoprotein that was inhibited by CYA or PCB-126. The net basal-
to-apical transepithelial transport of vinblastine increased 1.7-fold more in LLC-MDR1 than in LLC-PK1. By adding PCB-126 on the
apical side, the transpart was greatly decreased by -76% in the monclayer of both cells. By adding PCB-126 and CYA on the basal side
in LLC-MDR1 monolayer, the transports increased -1.7-fold, so that PCB-126 might inhibit the extrusion of vinblastine on both the api-
cal and basal sides. One of the causes to be considered for the adverse effects of Co-PCBs, in addition to the binding with an aryl hydre-

carbon receptor, might be the modification of drug transport by its interaction with the drug transport system.
Key worDns: LLC-PK1, 3,3" 4,4’ ,5-pentachlorobiphenyl, P-glycoprotein, transepithelial transport, vinblastine.

Coplanar polychiorinated biphenyls (Co-PCBs) are envi-
ronmental pollutants, and soil, rivers and oceans have been
widely degraded by them. Due to the food chain and bioac-
cumulation, these chemicals might have become highly
accumulated in humans and animals [1, 3, 6, 12, 22]. 1t was
considered that almost the toxic effects of Co-PCBs were
initiated by binding with the aryl hydrocarbon receptor
(ALR) [18, 24}, and these chemicals induced estrogenic and
antiestrogenic responses via the crosstalk between AhR and
estrogen receptor [8, 31]. Thus, the toxicity of Co-PCBs has
appeared in the form of endocrine disruptors and has been
found to cause many adverse effects such as reproductive
disorders, malformation and cancer {7, 16, 17, 20, 22]. In
addition to such toxicities, Co-PCBs might affect some
other parts of the animal body. During our survey to deter-
mine whether Co-PCBs were transported by a drug extru-
sion pump such as P-glycoprotein, we found that Co-PCBs
seemed to mhibit the extrusion of other chemicals in human
epidermoid carcinoma cells, such as KB-3, expressed with
P-glycoprotein [2, 11].

P-glycoprotein transports lipophylic chemicals, and thus
it plays an important role in transporting metabolites and
extruding toxic chemicals from epithelial cells [4, 5, 14, 28].
There are also substrates of P-glycoprotein which are not

* CORRESPONDENCE T0: Fuusk, H., Laboratory of Pathobiochemis-
try, School of Veterinary Medicine, Azabu University, Sagami-
hara, Kanagawa 229-8501, Japan.

J. Ver. Med. Sci. 66(9): 1079-1085, 2004

transported, but are bound to P-glycoprotein and inhibit the
transport of other chemicals [4, 25]. Therefore, there is a
possibility that Co-PCBs are the substrates for the binding
of P-glycoprotein, and inhibit drug extrusion in KB-3 cells.
In our previous experiments, we measured drug accumuia-
tion in KB-3 cells (2, 11]. Thus, doubts may arise as to
whether the values reflected inhibition of transport or com-
petition of drug adsorption by lipophilic Co-PCBs, because
lipophilic compounds were readily adsorbed on the plasma
membrane in a non-specific fashion. Therefore, we
employed both measurements for the intracellular accumu-
lation and transepithelial transport in the present experi-
ment. One of the present authors showed that P-
glycoprotein existed at the apical membrane in epithelial
cells, and mediated transepithelial transport in the epithelial
monolayer cells [30], so that it is important to examine the
effects of Co-PCBs on the epithelial monolayer.

3,3’.4,4’ 5-pentachlorobiphenyl (PCB-126) is the most
toxic among the congeners of Co-PCBs, and has been
detected in human blood [7, 23]. Here we report the effect
of PCB-126 on the accumulation and transepithelial trans-
poit of vinblastine in a porcine kidney epithelial cell line,
LLC-PK1, and its transformant cells expressed with human
P-giycoprotein. Vinblastine is among the anticancer drugs,
which has been well examined as a substrate of P-glycopro-
tein for transport [15, 19, 29]. Cyclosporine A (CYA}) was
employed as a positive control for an inhibitor of P-glyco-
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protein, which has been shown to compete with vinblastine
for a binding site of P-glycoprotein [23]. The measurement
of the effects of Co-PCBs on the intracellular accumulation
of the drug might reflect the cell toxicity, and the examina-
tion of the effect on the transepithelial transport could reveal
a modification of drug transport across the epithelium.

MATERIALS AND METHODS

Chemicals: PCB-126 was purchased from Kanto Kagaku
(Tokyo, Japan). CYA was obtained from Wako (Osaka,
Japan), and vinblastine was obtained from Sigma (St. Louis,
‘MO, USA). [G-H)-vinblastine sulphate (470 GBg/mmol)
was purchased from Amersham Pharmacia Biotech (Piscat-
away, NJ, USA), and [carboxy-'*C]-inulin (92.5 GBq/g)
was purchased from American Radio Labeled Chemical (St.
Louis, MO, USA),

Cells: Porcine kidney epithelial cells, LI.C-PK1, and their
transformant cells expressing human P-glycoprotein, LLC-
GAS5-COL150 (LLC-MDR1), were employed as reported
previously [27]. LLC-PK1 was maintained in medium 199
supplemented with 10% fetal calf serum, and LLC-MDRI
was cultured in that medium containing 150 ¢#M colchicine
in an atmosphere of 5% CO, at 37°C. In LL.C-PK1, the inhi-
bition dose for 50% cell growth in four days (IDs) in the
medium with colchicine and vinblastine was 28 nM and 6.2
nM, respectively. These IDS0s with colchicine and vinblas-
tine were increased by 19- and 52-fold, respectively, in
LLC-MDRI.

Accumulation of vinblastine: For a determination of the
intracelluiar accumaulation of vinblastine, a cover slip and
24-well multi-dish (Nalge Nunc International, Rochester,
NY, USA) were used as reported previously [9, 10]. The
cells were seeded at 5 x 10%well in the medium, and incu-
bated in 5% CO; at 37°C. After 6 days of incubation, the
medium was replaced with a fresh medium without colchi-
cine, and the cells were incubated for 6 hr. Then the
mediem was replaced with 750 ul fresh medium containing
11 nM [*H]-vinblastine (5.16 kBg/ml) with or without CYA
or PCB-126. After incubation for 1, 2 and 3 hr, the cover
slip was removed and the cells were washed 3 times with
FBS and lysed with lysate buffer; their radioactivity was
then measured with a liquid scintillation counter. The accu-
mulation of vinblastine in the cells was expressed as pmol/
mg protein.

Transepithelial transports: Transepithelial transports,
both basal-to-apical and apical-to-basal, were measured in
the cell monolayer on a bottom-filtered well (12 mm diame-
ter, Transwell, 3402, Costar, Cambridge, MA, USA) as
reported previously [27, 30]. The cells were seeded on the
bottom-filtered well in the same manner as in the accumula-
tion experiment. After a 6-day incubation, the medium on
either the basal or apical side of the monolayers was
replaced with 750 g/ fresh medium containing 11 nM [*H]-
vinblastine (5.16 kBg/m/) with 43.2 ug/m! ["*C]-inulin (4.0
kBg/ml) with or without 1 M CYA or PCB-126. An ali-
quot (25 ul) of the receiver side medium was collected

within 3 hr, and its radioactivity was measured with a liquid
scintillation counter. The transepithelial transport was indi-
cated as pmol per well. The paracellular fluxes were moni-
tored by measuring the appearance of inulin on the other
side, which turned out to be less than 5% at 3 hr as reported
earhier [26].

Statistical analysis: Foliowing the F-test, Student’s #-test
was employed to examine the statistical significance of the
accumulations and transepithelial transports of those with
and without inhibitors.

RESULTS

Figure 1 shows the intracellular accumulation of vinblas-
tine as a function of time in the medium with or without
CYA and PCB-126 in LLC-PK1 (A), and ratios of the accu-
mulations without and with these chemicals after a 3-hr
incubation (B). The accumulations hyperbolically increased
in all the mediums with or without CY A and PCB-126,
though the accumulation was higher in the medium with
these chemicals than without them, The accumulation was
4.14 pmol/mg protein in the medium without these chemi-
cals after 3-hr incubation, and it was increased by 2- and
1.8-fold in the medium with CYA and PCB-126, respec-
tively, but there was no difference between the accumula-
tions with CYA and PCB-126. Therefore, the extrusion of
vinblastine was decreased by adding these chemicals in
LLC-PK1. :

Figure 2 shows the intracellular accumulation of vinblas-
tine as a function of time in the medium with or without
CYA and PCB-126 in LLC-MDR1 (A), and ratios of the
accumulations without and with those chemicals at a 3-hr
incubation (B). The accumulation was decreased to 0.30
pmol/mg protein after a 3-hr incubation in the medium with-
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Fig. 1. Accumulations of vinblastine as a function of time in the
medium without (open circles) and with 1 uM cyclosporizie A
(CYA, filled squares) or PCB-126 (filled triangles) in LLC-PK1
(A), and the ratio of the accumulation of vinblastine with and
without CYA or PCB-126 (with/without CYA or PCB-126) in
LLC-PK1 (B). Values are the means and SD of four experi-
ments. *, Statistical significance berween the accumulations
with and without CYA or PCB-126 (p<0.03).
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Fig. 2. Accumulations of vinblastine as a function of time in the
medium without (open circles) and with 1 uM CYA (filled
squares) or PCB-126 (filled triangles) in LLC-MDR1 (A), and
ratio of the accumulation of vinblastine with and without CYA
or PCB-126 (with/without CYA or PCB-126} in LLC-MDRI
(B). Values are the means and SD of four experiments. *, Sta-
tistical significance of the accumulations with and without

CYA or PCB-126 (p<0.05).

out chemicals in LLC-MDRI: it was decreased by 93%
compared to that in LLC-PK1 (Fig. 1A). In LLC-MDRI,
the accumulations of vinblastine in the medium with CYA
and PCB-126 were 6.1- and 2.5-fold higher, respectively,
compared to that in the medium without these chemicals.
Thus, PCB-126 inhibited the extrusion of vinblastine the
same as CYA did, although the absolute magnitude of the
inhibition with PCB-126 was lower than that with CYA.

Figure 3 shows the effect of CYA (A, B) and PCB-126
(C, D) at the apical (A, C) and basal sides (B, D) on the tran-
sepithelial transports of vinblastine in LLC-PK1, together
with a comparison of ratios for the net basal-to-apical trans-
port of without and with these chemicals (E). The basal-to-
apical transport decreased and the apical-to-basal transport
was increased by adding CYA at either the basal or apical
side (A, By in LLC-PK1. Thus, the net basal-to-apical trans-
ports with CYA on the apical and the basal sides decreased
by 65 to 100% (E). By adding PCB-126 on the apical side,
the basal-to-apical transport was greatly decreased by 85%
at a }-hr incubation, but the decrease was moderate at a 2- to
3-hr incubation, whereas the apical-to-basal transport was
slightly increased at all time points (C). Thus, the net basal-
to-apical transport was decreased by 76% at a 1-hr incuba-
tion in the medium with PCB-126 on the apical side (E), but
the effects were more moderate later, and they were reduced
by 36% in a 3-hr incubation compared to the control (E).
With PCB-126 on the basal side, there were no significant
changes in the net basal-to-apical transport since both the
basal-to-apical and apical-to-basal transports increased to
the same magnitude in LLC-PK1 all the time (D, E).

Figure 4 shows the effect of CYA (A, B) and PCB-126
(C, D) at the apical (A, C) and basal sides (B, D) on the tran-
sepithelial transports of vinblastine in the monotayer of
LLC-MDRI, providing a comparison of the ratios for the

net basal-to-apical transport without and with these chemi-
cals (E). In the medinm without CYA and PCB-126, the
basal-to-apical transport increased and the apical-to-basal
transport decreased in LLC-MDRI1 (Fig. 4: open symbols)
compared to LLC-PK1 (Fig. 3: open symbols). Thus, the
net basal-to-apical transport increased 1.7-fold in the mono-
layer of LLC-MDRI compared to that in LLC-PK1.

In LLC-MDRI, the basal-to-apical transport with CYA
on the apical side was unchanged from that without the
chemical, whereas there was a slight increase in the apical-
to-basal transport with CY A on the apical side (A), but one
that was too small to affect the net basal-to-apical transport.
With CYA on the basal side, the basal-to-apical transport
increased significantly, but the increase in the apical-to-
basal transport was very small (B). Thus, the net basal-to-
apical transport increased by around 1.4-fold when CYA
was added on the basal side in LLC-MDR1 (E). With PCB-
126 on the apical side, the basal-to-apical transport was
greatly reduced and the apical-to-basal transport was
unchanged at a 1-hr incubation, so the net basal-to-apical
transport decreased by 55% compared to that without PCB-
126 (C, E), but the basal-to-apical transports were
unchanged in 2- to 3-hr incubation. Thus, no difference was
found for the net transepithelial transports when using the
medium with and without PCB-126 at the later time points.
With PCB-126 on the basal side, the basat-to-apical trans-
port was increased, but the apical-to-basal transport always
remained unchanged (D). Thus, the net basal-to-apical
transport increased to 1.7-fold when PCB-126 was added to
the basal side in LLC-MDR1, yielding the same result as in
the experiment with CYA (E).

DISCUSSION

In LLC-MDRI, the accumulation of vinblastine was
greatly decreased compared to LLC-PK1 as reported by
Horio et al. [15], indicating the P-glycoprotein was respon-
sible for extruding the chemical. Although it was possible
that the values for accumulation were the result of adsorp-
tion in the cell membrane but not that of uptake, the decrease
in accumulation coincided with the result of the IDs,. The
IDsq of vinblastine in LLC-MDR1 was greater by 52-fold
than to that in LLC-PK1 in the present experiment, and its
IDso was within the range mentioned in the previous report
[26], so that the decreased accumulation reflected the
increased IDs.

The increase in the accumulation of vinblastine by adding
CYA in LLC-MDR! might be considered due to the inhibi-
tion of the extrusion through P-glycoprotein binding with
CYA as reported earlier [19, 25]. Nevertheless, the effect of
CY A was detected not only in LLC-MDR1 but also in LLC-
PK1, and the absolute magnitude of the inhibition with CYA
was greater in LLC-PK1 than in LLC-MDRI1. P-glycopro-
tein was detected only on the apical side in the monolayer of
LLC-MDRI, but it was not detected in LLC-PK 1 with anti-
human P-glycoprotein antibody which is able to detect por-
cine P-glycoprotein [30]. Therefore, CYA might irhibit
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Fig. 3.

Effects of CYA (A, B, filled symbols) and PCB-126 (C, D, filled symbols) at the apical (A, C) or basal side (B,

D) on the basal-to-apical {(circles} and apical-to-basal (squares) transepithelial transport of vinblastine in LLC-PK1,
and ratios of the net basal-to-apical transports without and with CYA or PCB-126 on the apical (Api, slanted col-
umns) or basal (Bas, filled columns) side (E}. Values are the means and SD of four experiments. *, Statistical signif-
tcance of transport without and with CYA or PCB-126 on the apical and basal sides in LLC-PK1 (p<0.05).

some drug extrusion system other than P-glycoprotein in
LLC-PK1. There are many drug extrusion sysiems in cell
membranes [4, 14], so that endogenous drug extrusion sys-
tems might be inhibited by binding with CYA in LLC-PKI.
Since the effect of CYA on the accumulation in LLC-MDR ]
was smaller than that in LLC-PXK], the inhibition of CYA on
the drug extrusion though P-glycoprotein was not defined in
this experiment.

By adding PCB-126, an inhibition of the decrease in drug
accumulation was also detected, suggesting that PCB-126
might act as an inhibitor of that drug extrusion system.
Since Co-PCBs seem to readily accurnulate in a lipophilic
cell membrane, there is the possibility that Co-PCBs act as
the binding substrate of P-glycoprotein and hamper drug
extrusion in human and animal cell membranes [21]. Asa
matter of fact, the chemicals of which very little was trans-

ported were potent inhibitors of the transport of other trans-
port substrates. One of the congeners of Co-PCBs, 3, 37, 4,
4’-tetrachlorobiphenyl (PCB-77), was hardly transported at
all in the monolayer of LLC-MDR1 and was highly accu-
mulated in the cells [9, 10]. Therefore, there is the possibil-
ity that Co-PCBs may hamper transport of drugs or
metabolites through some drug extrusion systems including
P-glycoprotein in cell membranes, thus exerting adverse
effects on the cells. However the effect of PCB-126 on the
transport in LLC-MDR1 was less than that in LLC-PK]1, so
that the effect might be due not to the inhibition of P-glyco-
protein, but to another drug extruston system.

The net basal-to-apical transport of vinblastine in the
monolayer cells increased in LLC-MDRI compared to
LLC-PK1 as reported earlier [10, 19], thus indicating that
the P-glycoprotein was responsible for the net basal-to-api-
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Effect of CYA (A. B, filled symbols) and PCB-126 (C, D, filled symbols) at the apical (A, C) or basal side (B. D}

on the basal-to-apical (circles) and apical-to-basal (squares) transepithelial transpont of vinblastine in LLC-MDRU, and
ratios of the net basal-to-apical transports without (Cont) and with CYA or PCB-126 on the apical (Api, stanted col-
umns) or basal (Bas, filled columas) side (E). Values are the means and SD of four experiments. *, Statistical signifi-
cance of the transport without and with CYA or PCB-126 on the apical and basal sides in LLC-MDR1 (p<{.05}.

cal transepithelial transport. By adding CYA and PCB-126
to the basal side of the monolayer of LLC-MDR1, the basal-
to-apical transports were increased, thereby increasing the
net basal-to-apical transepithelial transports. This might be
due to the enhanced uptake of the chemical on the basal side
by the inhibition of some drug extrusion systems. There
might be an endogenous drug transport system on the basal
side which was inhibited by CYA or PCB-126 in LLC-
MDRE. In LLC-PK1, the basal-to-apical transport was also
enhanced with PCB-126 on the basal side, but not with
CYA, suggesting that the effects of PCB-126 and CYA on a

drug transport system may differ from each other,

A decrease in the basal-to-apical transport and an
increase in the apical-to-basal transports by adding CYA
and PCB126 on the apical side in LLC-PK1 might be inter-
preted as an inhibition of the extrusion of vinblastine by
these chemicals on the apical side. Therefore, the net basal-
to-apical transport was reduced by these inhibitors on the
apical side in LLC-PK1, though its magnitude was
decreased after a 3-hr incubation with PCB126 (Fig. 3-C).
Therefore, PCB-126 might affect the apical side at an early
stage, then the chemical moves to the basal side and ham-
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pers the extrusion of the chemical on that side at a later stage
in LLC-MDRI, so that this influx on the basal side might
increase later, increasing the net basal-to-apical transport.
In LLC-MDR]1, a similar effect was also detected when
PCB-126 was added on the apical side (Fig. 4-C), though no
effect was found subsequently, The apical-to-basal trans-
port was basically very low in LLC-MDR1 (Fig. 4), and the
absolute magnitude of the inhibition of the drug extrusion
was not so high (Fig. 2A), so that the minor effect on the
apical side might fail to affect the net basal-to-apical trans-
port due to the considerable magnitude of the basal-to-apical
transport.

In this experiment, the effects of CYA and PCB-126 on
the accumulation or transepithelial transport in LLC-MDR1
and LLC-PK1 were different; in most cases, the effects were
less in the former cells than in the latter. One interpretation
would be that these inhibitions affected mainly transport
systems other than P-glycoprotein, and all drug extrusion
systems were modified in LLC-MDRI1 due to the transfec-
tion of the vector with the inserted human P-glycoprotein
gene. Sometimes these unexpected effects were observed
after gene transfection. For example, in the cells transfected
with the K-Cl cotransporter (KCC) gene, ion transport activ-
ity other than KCC was enhanced {13]. This was considered
10 be due to the modification of total gene expression by the
transfection of one gene, or the change in the relationship or
crosstalk among the protein induced and the other endoge-
nIOUS proteins.

In conclusion, PCB-126 inhibited the accumulation and
transepithelial transport of vinblastine as effectively as
CYA did, possibly due to an inhibition of drug extrusion
systems by PCB-126. Both PCB-126 and the other Co-
PCBs are highly lipophilic and accumulated in animal and
human organs [1, 3, 12, 22]. Therefore, Co-PCBs may
inhibit the function of the drug extiusion systems in many
organs, as shown in this experiment. Though the principal
toxicities of Co-PCBs are induced by binding with AhR [18,
24], the effects of Co-PCBs on drug transport systems have
to be considered one of the possible causes of the adverse
effects of these chemicals,
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uraemic pruritus. Our case confirms the efficacy of this
approach in a haemodialysis patient with very severe clinical
manifestations of the disease, which led her to attempt
suicide. In this unblinded single patient we cannot exclude a
placebo effect, which can be particularly relevant in patients
with pruritus. However, no placebo effect could be observed
with all the other treatments (antihistamines, steroids and
UVB light) carried out in this patient. In addition, a con-
sistent pharmacological effect from cyclosporin is indicated
by the response to challenge, withdrawal and rechallenge.

Although the potential side effects of an immunosuppres-
sive drug in dialysis patients should be kept in mind, our
results indicate that cyclosporin treatment might be a new
effective approach to severe uraemic pruritus refractory to
conventional treatment modalities, providad that appropti-
ate patients are selected and careful monitoring is performed.
Our observation and hypothesis need to be confirmed by a
placebo-controlled double-blind trial.
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Treatment of digoxin intoxication model by
hybrid-kidney with hollowfibre module for
clinical haemodialysis

Sir,
Although haemoperfusion is frequently used for the treatment
of drug intoxication, this has some disadvantages and its use is
limited [1]. We have previously reported a unique hybrid-type
artificial kidney by culturing the immortalized renal proximal
tubule cells with the introduction of multidrug resistance
protein (MDR)-1 in the hollowfibre module for cell culture [2].
Moreover, we scaled up the system by connecting 10 modules
in parallel and successfully treated dogs with digoxin
intoxication, a substrate of MDR-1 [3]. Although this device
was effective for the dog, we should further increase the
number of modules connected for future clinical use. Here, we
succeeded in scaling up the *hybrid-kidney’ by utilizing a single
clinically used haemodialyzer and evaluated the efficacy for
drug removal in vitre and in dogs with digoxin intoxication.
We used the same cell line, into which ¢cDNA of human
MDR-1 [4] was introduced. This clone, named PCTL-MDR,
possesses about 100 times larger Kn and V. values for
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Fig. 1. Change of serum digoxin concentration at just before
(arterial) the hollowfibre module during treatment. Mean+SE,
n = 6; closed circles, PCTL-MDR,; open circles, PCTL; open squares,
without cell; *P<0.05 vs. without cell.

digoxin than control cells, named PCTL [2]. A hollowfibre
module available for clinical haemodialysis (APS-08S; Asahi
Medical, Tokyo, Japan) made of polysulfone with a surface
area of 0.8 m® was purchased. We inoculated the cells onto the
hollowfibre by an almost identical method to that reported
previously {2,3]. Thus, 5.4 x 10° cells were injected on the
pericapillary side of the module and cultured for 1 week in a
CO; incubator at 37°C. After incubation, transport of
digoxin and inulin from the capillary to pericapillary side
were evaluated in vitro. We found that >85% of perfused
digoxin was transported from the capillary to pericapillary
side by the system with PCTL-MDR, while such transport
was only ~10% with PCTL and 20% without celis,
respectively, Inulin concentration was not reduced on the
venous side by the system with the cells, indicating that
leakage did not occur. Next, we applied this to the dog model
with digoxin intoxication [3,5]. Using PCTL-MDR, the
digoxin concentration decreased to the therapeutic level at
the end of a 3-h treatment. Although treatment with PCTL
reduced digoxin concentration, the observed decrease was
significantly smaller than with PCTL-MDR (Figure 1).
Estimated digoxin clearance with PCTL-MDR was 312
ml/min. Slight leukocytopaeniz and thrombocytopaenia,
and elevated activity of circulating granulocyte elastase, was
detected. However, the magnitude of these parameters was
similar between three trials, and dogs tolerated this treatment
well. Comparing digoxin clearance in the present experiments
with that of adult [6], we propose to treat patients by increas-
ing surface area of the single haemodialyzer to 2m?, which
is now commercially available. Thus, the present results
suggest that our scaled-up module has sufficient capacity to
treat digoxin-intoxicated patients, especially when compli-
cated by renal failure. It might be useful to apply it to various
types of artificial hybrid-kidneys with different types of cells
for the treatment of patients in the future.
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Peritoneal dialysis-related peritonitis with bacteraemia
due to Erpsipelothrix rhusiopathiae

Sir,

Case. A 49-year-old bricklayer with end-stage renal failure
secondary to adult polycystic kidney disease had been on
continuous ambulatory peritoneal dialysis (CAPD) for 1
year. He presented with a 1-day history of abdominal pain,
rigors and cloudy bags. Multiple excoriations were present
on his hands. The CAPD fluid had a white cell count (WCC})
of >100 x 10%/1 with no red cells. The fluid was inoculated
into an Oxoid bottle (Oxoid signal blood culture system,
Oxoid Ltd, Basingstoke, UK). Filtration was not performed
as only 20ml was received. The peripheral WCC was
12.7 x 10°/i. Intraperitoneal vancomycin and gentamicin
were commenced. His abdominal pain failed to settle, and
by day 4 signs of severe peritonitis were present. Blood
cultures were taken and repeat CAPD fluid had a WCC of
>100 x 10%1. Laparotomy was performed with removal of
the Tenchkoff catheter and peritoneal lavage. Purulent free
fluid was present throughout the abdominal cavity.
Intravenous ciprofloxacin 200mg bd was started according
to local policy to cover possible Pseudomonas peritonitis or
other bowel-related organisms.

On day 5, a Gram-positive rod was grown from the first
CAPD fluid and identified as Erysipelothrix rhusiopathiae,
using the API Coryne (BioMerieux UK Ltd, Basingstoke,
UK). It was resistant to vancomycin and gentamicin but
sensitive to ciprofloxacin, penicillin, erythromycin and
cefuroxime. The same organism was identified subsequently
from blood cultures, although the second CAPD fluid and an
intraoperative swab taken from the CAPD tunnel were both
culture negative. Symptoms resolved, a vascath was inserted
for haemodialysis, and he was discharged following 12 days
of ciprofloxacin. He remained on haemodialysis until his
death from unrelated causes 8 months later.

Comment. Erysipelothrix rhusiopathiae is a Gram-positive
rod which may be confused with Lactobacillus, Coryne-
bacterium or Enterococcus spp on the basis of morphology
and biochemical tests [1]. It has a wide geographical distri-
bution and has been reported from a variety of animals as a
commensal or pathogen [1]. It causes severe disease in
domestic pigs, poultry and sheep. Colonization has been

Nephrol Dial Transplant (2004} 19: 1340

reported in fish, shellfish and birds. The organism can survive
in soil for several months [1].

Infection in humans usually follows cutaneous inoculation
so is often related to occupational exposure, i.e. butchers,
fishmongers and veterinarians [1]. There are three main
clinical syndromes. The most common is erysipeloid, a
painful localized violaceous skin lesion. Less commonly
described are a more severe, diffuse cutaneous form and also
a bacteraemic illoess usually associated with endocarditis [1].
Most cases of bacteraemia without endocarditis have
occurred in immunocompromised hosts [2].

Most strains of E.rhusiopathiae are sensitive to penicillins,
cephalosporins, imipenem, clindamycin, erythromycin and
ciprofloxacin. Penicillin is the antibiotic of choice. Most are
Tesistant to vancomyein, aminoglycosides, teicoplanin and
trimethoprim-sulfamethoxazole. The glycopeptide resistance
is of particular note as vancomycin is often used as empiric
treatment of Gram-positive bacteracmia or endocarditis, and
intraperitoneal vancomycin and gentamicin is a common
first-line treatment for CAPD peritonitis [3]. Most Gram-
positive rods are vancomycin sensitive. Only one reported
case of bacteraemia or endocarditis has been treated
successfully with ciprofloxacin [4]. Qur patient had improved
by the time sensitivities were available, so ciprofloxacin was
continued instead of switching to penicillin.

This is the second reported case of CAPD peritonitis
caused by this organism, and the first European case. The first
case occurred in a rancher who cut his hand on a barbed wire
fence around an animal enclosure 2 weeks before admission
[5]. He became pyrexial with a skin lesion on his hand. Initial
treatment was with intravenous gentamicin and intraperito-
neal amikacin, changed to intravenous penicillin following
isolation of the organism from CAPD fluid. No organisms
were seen on the Gram stain. In contrast to our case, blood
cultures were sterile and the patient responded to medical
treatment.

CAPD peritonitis may occur by several routes. The most
common is thought to be intraluminal and is the major
route for skin and environmental organisms. The extra-
luminal (i.e. tunnel migration} route may complicate exit
site infections. The transluminal route (i.e. migration across
the bowel wall) involves bowel flora. Infection by the
haematogenous route may complicate bacteraemia. The
intraluminal or haematogenous route seems most likely in
this case. No direct animal exposure was documented, but
inoculation from a contaminated environmental source may
have occurred through excoriated hands.

This case demonstrates the importance of identifying
and determining the sensitivity of all isolates from CAPD
fluids. Ciprofloxacin may be used to treat E.rhusiopathiae
bacteraemia in patients with a severe penicillin allergy.
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Abstract

We have previously reported the merits of chronopharmacological effect of 1-a{OH) vitamin D3 in aged stroke-prone spontaneously
hypertensive rat (SHRSP), a model of osteoporosis [Eur. J. Pharmacol. 428 (2001) 283.]. In this study, the chronopharmacolegical effect of
22-oxacalcitriol, a newly developed active vitamin D3 analogue with less calcemic activity, was evaluated by a single and repeated dosing of
the drug in aged SHRSP. Animals (7 months old) were kept in rooms with a 12-h light/dark cycle. Single (12.5 up/kg, i.v.) and repeated (5
ng/kg, i.v. three times a week for 12 weeks) dosing of 22-oxacalcitriol or vehicle was given at either 2 h after lights on 2HALO) or 14 h after
lights on (14HALOQY}, The severity of adverse reactions such as the changes of body weight, hypercalcemia and hyperphosphatemia, was
significantly mild when the drug was given at 14HALQ. Especially, the increase of serum Ca concentration was not detected at 14HALO
trial. Serum concentrations of total (protein-bound and unbound) 22-oxacalcitriol and albumin {(a major binding protein of the drug) of the
2HALQ and 14HALO trials did not significantly differ. The decrease of parathyroid hormone (PTH) concentration was greater in the
14HALO trial while the increase in vrinary ratio of Ca to creatinine was greater in the 2HALO trial. The increase in bone density of both
femurs at the end of the study was greater in the 14HALQ trial. The suppression of urinary excretion of deoxypyridinoline, an index of bone
resorption capacity of osteoclast, was greater in the 14HALO trial, which indicates that the efficacy of 22-oxacalcitriol for suppressing bone
resorption might vary with the dosing time. This is the first study to show the dosing-time-dependent changes in the efficacy and toxicity of
22-oxacalcitriol in the animal model of osteoporosis, Chronopharmacological differences seem to be more prominent than those of other
vitamin D analogues. To use 22-oxacalcitriol at an adequate timing might provide better efficacy and safety than other vitamin D3 analogues
for the treatment of osteoporosis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Although active vitamin D analogues are widely used for
the treatment of osteoporosis and secondary hyperparathy-
roidism, the drug-related hypercalcemia and hyperphospha-
temia sometimes limit its efficacy (Parfitt, 1988). It is well
known that serum Ca and P concentrations show diurnal
changes in both humans (Tsuruoka et al,, 1999) and rats
(Shinoda and Seto, 1985; Shinoda and Stern, 1992). We
have previously reported that hypercalcemia and hyper-
phosphatemia by an active vitamin D3 can be diminished
by administration of the drug at night in aged stroke-prone
spontaneously hypertensive rats (SHRSP), a model of

osteoporosis (Tsuruoka et al., 2001), and patients with .

sccondary hyperparathyroidism (Tsuruoka et al., 1999,
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2003). We have also reported that the efficacy of vitamin
D3 therapy can be enhanced by the drug administration at
night in aged SHRSP (Tsuruoka et al., 2001), 5/6-nephrec-
tomized rats (Tsuruoka et al,, 2002), and patients with
secondary hyperparathyroidism (Tsuruoka et al., 2003),
Compared to 1,25(0H)2 vitamin D3, the 22-oxacalcitriol
{or maxacalcitriol), a new analogue of vitamin D3, is
reported to have a less hypercalcemic effect with similar
efficacy (Brown et al., 1993; Kubrusly et al., 1993; Farach-
Carson et al., 1993). This compound is now used for the
treatment of secondary hyperparathyroidism and osteoporo-
sis in clinical situation. However, it remains to be determined
whether 22-oxacalcitriol also possesses chronopharmacolog-
ical effect. It was a purpose of this study to evaluate a dosing-
time-dependent change in the effects of 22-oxacalcitriol in
aged SHRSP, a rat mode! of osteoporosis. We obtained some
chronopharmacelogical profiles in its efficacy and adverse
reactions, which were compared with our previous results

using other vitamin D analogues.



