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consequently in a disc-like shape. The question then
becomes how and where these particles are formed.
If the apolipoprotein-cell interaction is a major
mechanism for production of HDL, it is possible
that HDL is assembled by an autocrine mechanism,
such that apoA-I or E are first secreted by the cells
and then interact with the cell surface to generate
HDL (51,52). This hypothesis has more directly
been supported by using an ABCAI inhibitor,
probucol, and the above-mentioned antibody spe-
cific to lipid-free apoA-I to inhibit ABCA1-depen-
dent HDL assembly by hepatocytes (53). When
HepG2 cells were treated with probucol, apoA-I
otherwise found associated with HDL was secreted
all in a free form (Figure 4A). In the presence of the
antibody, generation of HDL was completely inhib-
ited (Figure 4BC) while it did not influence the pre-
produced HDL in the medium.

Thus, lipid-free apolipoprotein is to be released
whether from cells or from HDL particles to interact
with cellular ABCAL1 for assembly of HDL particles
from cellular lipid. Alternatively, apolipoproteins
may interact in part with the membrane already
somewhere before the secretion through the same
mechanism as extracellular apolipoprotein reacts
(54,55). This view may be consistent with the
finding of the abnormal Golgi structure in the
hepatocytes of ABCA1 knock-out mice (34) and
differential generation of HDL with endogenous
apoE and exogenous apoA-I by rat astrocytes (56).

Assembly of HDL particles and cholesterol
enrichment

Apolipoprotein recruits primarily phospholipid rather
than cholesterol to form stable HDL particles in this
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Figure 4. Biogenesis of HDL by HepG2 cells with endogenous apoA-I (53). Panel A shows the results of apoA-I secretion when HepG2
cells were treated with an ABCALI inhibitor, probucol (P), in comparison to control (C). Secretion of apoA-I into the medium is unchanged
by the treatment of the cells with probucol, but apoA-I was recovered all in a lipid-free form by the treatment while it was otherwise all
bound to HDL. Panel B shows marked decrease of HDL production by HepG2 cells when ABCA1 was inactivated by probucol or the
monoclonal antibody specific to lipid-free apoA-I, 725-1E2, was present in the medium, demonstrated as HPLC profiles of the media. Solid
lines indicate cholesterol, and dotted lines indicate choline-phospholipid. Panel C demonstrates the same results shown as quantitative data

by using the HPLC analysis data and the ultracentrifugation analysis data.
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HDL assembly pathway (57). HDL generated by this
reaction contains largely phospholipid and unester-
ified cholesterol, and the LCAT-mediated cholesterol
esterification on the generated HDL perhaps helps the
maturation of this HDL as it generates core choles-
teryl ester (11,21). However, unlike cholesterol release
by non-specific diffusion-mediated reaction, choles-
terol esterification does not result in further enhance-
ment of cellular cholesterol release when the HDL
generated is already cholesterol-rich (11).

HDIL-like particles can be formed in wvitro with
helical apolipoproteins and phospholipid, with or
without core lipid and cholesterol, without specific
catalysts except for the requirement of energy for
dispersion of the components to homogeneity (58).
The reaction always yields the particles of certain
sizes composed of at least a few hundreds of
phospholipid molecules. Therefore, HDL-like par-
ticles are a thermodynamically stable molecular
assembly for helical apolipoproteins and phospholi-
pid. The physicochemical nature of apolipoprotein-
phospholipid interaction is that ‘lipidation’ of
épolipoprotein takes place primarily with phospho-
lipid in a kind of snap-in manner rather than
‘gradual growth’. On the other hand, apolipoprotein
cannot form a complex with cholesterol alone. When
apolipoprotein interacts with cells through ABCAI,
the same type of reaction should take place to
generate HDL. In fact, disc-like HDL particles are
generated primarily with membrane phospholipid
when apoA-I interacts with the cells in the presence
of ABCA1 (Figure 5A). However, it has not yet been
evident whether premature HDL particles found in
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plasma are produced by this reaction and are direct
precursors of plasma HDL, such as pref-HDL, y-
LpE, and LpA-IV (59). It should be noted that
Miller and colleagues suggested that preff-HDL in
human peripheral tissue fluid should be considered
substantially produced locally rather than filtered
from blood plasma (60). This finding may support
the view that at least apoA-I locally dissociates from
HDL and produces new pref-HDL by removing
lipid from peripheral cells.

It was recently reported that ABCA7 also mediates
the HDL assembly i wvitro in a similar manner to
ABCA1l when transfected and over-expressed in
HEK?293 cells (61-63). Analysis of the HDL products
by size exclusion high-performance liquid chromato-
graphy (HPLC) revealed that ABCA1 generates two
different types of HDL, large cholesterol-rich and
small cholesterol-poor, while ABCA7 produces only
small and cholesterol-poor HDL (Figure 5B) (63,64).
Although this reaction may not significantly contri-
bute to the regulation of plasma HDL concentration
(65) and the expression of the ABCA7 gene is not
regulated for the HDL biogenesis (66), it is still of
interest to examine the difference between the two
ABC proteins in order to elucidate the mechanism for
ABCAL1 to remove cellular cholesterol more efficiently
in the HDL biogenesis.

Closing remarks

The finding of the mutation in ABCA1 opened a
new gate for studying cellular cholesterol home-
ostasis with respect to its releasing mechanism. This
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Figure 5. HDL particles generated by apoA-I when ABCA1 or ABCA7 are transfected and over-expressed in HEK293 cells (64). Panel A
shows electron microgram of the particles isolated from the medium by ultracentrifugation. Scale bars indicate 100 nm. Histograms
represent the results of the measurement of diameters. Panel B shows the results of the HPLC analysis. Thick solid lines represent

cholesterol, and thin solid lines represent choline-phospholipid.
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protein undoubtedly plays an essential role in
apolipoprotein-mediated assembly of HDL. It is,
however, still unclear how ABCAI1 functions to
mediate the interaction of helical apolipoprotein
with phospholipid in the cell membrane. In order to
maintain  cholesterol homeostasis, diffusion-
mediated physicochemical cholesterol release func-
tions as much as the apolipoprotein-mediated path-
way both at the cellular level and for the whole body.
Therefore, Tangier patients may not develop general
and massive cholesterol accumulation since the
diffusion-mediated system is preserved (67). This
is the same in LCAT deficiency patients who lack a
driving force for the net cholesterol release by the
diffusion-mediated system but not the apolipopro-
tein-mediated reaction (68). Thus, the two systems
back up each other to maintain cellular and body
cholesterol homeostasis (69).
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Biogenesis of HDL by SAA is dependent on ABCA1 in the
liver in vivo®
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Abstract Serum amyloid A (SAA) was markedly increased
in the plasma and in the liver upon acute inflammation in-
duced by intraperitoneal injection of lipopolysaccharide
(LPS) in mice, and SAA in the plasma was exclusively asso-
ciated with HDL. In contrast, no HDL was present in the
plasma and only a small amount of SAA was found in the
VLDL/LDL fraction (d < 1.063 g/ml) after the induction
of inflammation in ABCAl-knockout (KO) mice, although
SAA increased in the liver. Primary hepatocytes isolated
from LPS-treated wild-type (WT) and ABCA1-KO mice both
secreted SAA into the medium. SAA secreted from WT
hepatocytes was associated with HDL, whereas SAA from
ABCA1-KO hepatocytes was recovered in the fraction that
was >>1.21 g/ml. The behavior of apolipoprotein A-I (apoA-T)
was the same as that of SAA in HDL biogenesis by WT and
ABCAI1-KO mouse hepatocytes. Lipid-free SAA and apoAl
both stabilized ABCAIl and caused cellular lipid release in
WT mouse-derived fibroblasts, but not in ABCA1-KO mouse-
derived fibroblasts, in vitro when added exogenouslyfiff We
conclude that both SAA and apoA-I generate HDL largely
in hepatocytes only in the presence of ABCALl, likely being
secreted in a lipid-free form to interact with cellular ABCAL.
In the absence of ABCAI, nonlipidated SAA is seemingly
removed rapidly from the extracellular space.—Hu, W., S.
Abe-Dohmae, M. Tsujita, N. Iwamoto, O. Ogikubo, T. Otsuka,
Y. Kumon, and S. Yokoyama. Biogenesis of HDL by SAA is
dependent on ABCALI in the liver in vivo. J. Lipid Res. 2008.
49: 386-393.

Supplementary key words serum amyloid A * high density lipoprotein »
ATP binding cassette transporter Al = cholesterol

The acute phase response is characterized as various
systemic metabolic changes caused by tissue injury or in-
flammation, including the induction of certain acute phase
proteins and changes in lipid metabolism (1). Serum amy-
loid A (SAA) is a protein family that consists of acute phase
and constitutive members (2), and acute phase SAA (SAAl
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and SAA2 in human) is one of the major acute phase pro-
teins. In the acute inflammatory response, SAA synthesis
is induced in the liver by cytokines [interleukin-1§ (IL-18),
IL-6, and tumor necrosis factor-a (TNF-o)], and its con-
centration in plasma increases up to 1,000fold (2, 3). SAA
in plasma is associated with HDL (4, 5), as the structure
of SAA is very similar to that of amphiphilic helical apo-
lipoproteins (6). The physicochemical properties of HDL
are altered by acquiring SAA (5), but it is uncertain whether
their biological functions are also differentiated in cho-
lesterol transport or antiatherogenesis (1, 7, 8). It is also
unclear whether the increase of SAA associated with HDL
plays any role in the biological protection against acute or
chronic inflammation.

ABCALl is known to be essential for the biogenesis of
HDL, as it mediates the interaction of amphiphilic heli-
cal apolipoproteins with cellular lipid to generate HDL
particles and to remove cellular cholesterol (9-12). We
demonstrated that SAA generates cholesterol-containing
HDL directly from cellular lipid and that this reaction is
mediated by ABCAI and/or ABCA7 transfected to HEK293
cells (13).

In this paper, we extended our study on the mechanism
for the biogenesis of SAA-HDL to the in vivo system. To
focus on the role of ABCAl in HDL biogenesis, we used
ABCAl-knockout (KO) mice and investigated the gener-
ation of SAA-containing HDL in the acute phase response.
We found that SAA biosynthesis and secretion were in-
duced in the liver by acute inflammation regardless of
the presence of ABCAl but that HDL is not generated
in the absence of ABCAl. Accordingly, no HDL increase
was observed in ABCA1-KO mouse plasma in spite of the

Abbreviations: apoA-l, apolipoprotein A-I; IL, interleukin; KO,
knockout; LPS, lipopolysaccharide; NF-kB, nuclear factor xB; SAA,
serum amyloid A; SR-BI, scavenger receptor class B type I; TG, triacyl-
glycerol; TNF, tumor necrosis factor; WT, wild-type.
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normal response of SAA production in the liver. These
findings were consistent with those for apoA-I-mediated
HDL biogenesis in liver.

MATERIALS AND METHODS

Reagents and antibodies

Lipopolysaccharide (LPS) prepared from Escherichia coli 0111:
B4 was purchased from Sigma Chemical Co. (L 3024). ApoA-l
was isolated from human plasma, stored at —80°C until use

(14), and dissolved into a stock solution (1 mg/ml) for stor-

age at 4°C (15). Recombinant human SAA corresponding to
human SAAla except for three amino acids was purchased
from PeproTech EC (London, UK; catalog No. 300-13). A stock
solution (1 mg/ml) was prepared according to the manufac-
turer’s instructions and stored at 4°C as described previously
(13). Concentrations of SAA and TNF-a were determined using
ELISA kits (Biosource International Co.). Antibodies against
mouse SAA (AF2948), mouse apoA-1 (600-101-196), mouse ABCG1
{NB 400-132}, and B-actin (A5316) were obtained from R&D Sys-
tems, Rockland Immunochemicals, Novus Biologicals, and Sigma,
respectively. Monoclonal antibody to mouse and human ABCAl
(MABI98-7) was generated in rats against peptide CNFAKDQSDD-
DHLKDLSLHKN, which is a common sequence of the C terminus
of each protein, at the MAB Institute (Yokohama, Japan).

Animals

Heterozygotes of ABCA1-KO mice (ABCAl-hetero) (DBA/1-
Abcal"™ ™ /1y (16) were purchased from Jackson Laboratory
(Bar Harbor, ME). They were backcrossed onto C57BL/6 mice
for more than eight generations, and the heterozygotes were
intercrossed to obtain the offspring for experiments. The geno-
types of the wild-type (WT), ABCAl-hetero, and ABCAI-KO mice
were determined by PCR analysis of tail DNA, as described pre-
viously (17). Fernale mice at 8-16 weeks of age were used for
experiments. The acute phase response was induced by intra-
peritoneal injection of 50 wg of LPS. The experimental pro-
cedure was approved by the Animal Welfare Committee of the
Nagoya City University Graduate School of Medical Sciences
according to institutional guidelines.

Cell culture

BALB/3T3 and CHO-KI cells were obtained from the RIKEN
cell bank and the American Type Culture Collection, respectively.
Primary fibroblasts were prepared from the skin of 19-20 day old
embryos. The skin tissue was cut into pieces of 1 mm® and placed
in plastic dishes. After culring for 10 days, the cells that mi-
grated from the tissue pieces were collected with PBS contain-
ing 0.05% trypsin and 0.02% EDTA and stored at —150°C.
Secondary cultured cells in the proliferating phase were subcul-
tured and used for the experiments. Primary hepatocytes were
prepared from mice as described previously (17). The cells were
maintained in the medium supplemented with 10% (v/v) fetal
calf serum (Gibco BRL) under a humidified atmosphere of 5%
CO; and 95% air at 37°C. DMEM (high-glucose} was used for
the primary hepatocytes, and a 1:1 mixture of DMEM and Ham’s
F12 medium (DF medium) was used for all other cells. The in-
duction of SAA expression in hepatocytes was examined in two
experimental protocols. For in vitro induction, hepatocytes were
prepared from the mice with no treatment. After 3 h of incuba-
tion, the cells were washed with PBS and incubated with the
medium containing 0.02% BSA and a cytokine mixture (IL-1B,
IL-6, and TNF-a, 10 ng/ml each) for 16 h. For in vivo induction,

mice were treated with 50 pg of LPS and the hepatocytes were
prepared after 9 h. After 3 h of incubation, the cells were washed
with PBS and incubated with the medium containing 0.02% BSA
for 12 h. For lipid-release analysis, fibroblasts were subcultured
in a six-well tray at a density of 5 X 10° cells/well and cultured
with 10% fetal calf serum-DF medium. After 72 h, the medium
was replaced and the cells were maintined for another 48 h.
Then, the cells were washed with PBS and incubated in 1 ml/well
DF medium containing 0.02% BSA and the compounds indi-
cated. Lipid concentration in the medium was determined after
24 h for cholesterol and choline-phospholipids by specific enzy-
matic assays as described previously (15).

Lipoprotein analysis
The plasma VLDL/LDL, HDL, and protein fractions were

isolated by the ultracentrifugal flotation procedure, and choles-

terol content in each fraction was measured using a colorimetric
enzyme assay kit (Kyowa Medex Co.) (17). An HPLC system with
two tandem gel permeation columns was used to evaluate the size
distribution of plasma lipoprotein particles (18, 19) (Skylight
Biotech, Inc., Akita, Japan). Samples were diluted 20 times
and analyzed at a flow rate of 350 pl/min by monitoring the
concentrations of choline-phospholipid, total cholesterol, and
triacylglycerol (TG), with absorbance at 585 nm for choline-
phospholipid and at 550 nm for total cholesterol and TG.

RT-PCR

Total RNA was prepared and reverse-transcribed by SuperScript
III (Invitrogen) with random oligonucleotide primers. Primers
used for quantitative RT-PCR were as follows: for SAA, 5-AGA
TGC TCT CTG GGG AAA CA-3' (forward) and 5~TAC CCT CTC
CTC CTG AAG CA-3' (reverse); for ABCGl, 5-TCC ATC GTC
TGT ACC ATC CA-3' (forward) and 5-TTC AGA CCC AGA
TCC CTC AG-3 (reverse); for apoA-l, 5-ACG TAT GGC AGC
AAG ATG AACS (forward) and 5-AGA GCT CCA CAT CCT
CTT TCGC-3 (reverse). Primers for 18S rRNA and ABCA1 were
prepared as described previously (20). Results were normalized
o 188 rRNA.

Statistical analysis
Data were analyzed by one-way ANOVA. P < 0.05 by Scheffé’s
test was accepted as statistically significant.

RESULTS

Size-exclusion HPLC analysis demonstrated the absence
of plasma HDL and very small amounts of other lipo-
proteins in ABCA1-KO mice (Fig. 1), reflecting very low
plasma cholesterol levels in ABCAI-KO mice and ~50%

-in WT mice and ABCAl-hetero mice (see supplementary

data I), consistent with a previous report (16). Acute in-
flammation was induced by peritoneal injection of LPS
(50 pg/mouse) in WT, ABCAl-hetero, and ABCA1-KO mice.
LPS injection caused increases in plasma HDL-cholesterol
and HDL-phospholipid in WT and ABCAl-hetero mice after
24 h but not in ABCA1-KO mice (Fig. 1, Table 1). With the
LPS treatment of WT mice, the HDL increase accompa-
nied shifting of its eluting position earlier (Fig. 1A, C). In
ABCA1-KO mice, there was no HDL peak even after the
LPS injection (Fig. 1B, D). Monitoring TG concentration
revealed that LPS injection caused decreases of VLDL and

ABCAl-dependent biogenesis of SAAHDL 387
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Fig. 1. Effect of lipopolysaccharide (LPS) treatment on
100 mouse plasma lipoprotein. Wild-type (WT) and ABCA1-

knockout (KO) mice were treated with (solid lines) and
without (dashed lines) LPS. Plasma was collected at

75 24 h after the treatment and analyzed by molecular
sieve HPLC. A and B represent monitoring of choline-

50 phospholipid (PL), C and D represent monitoring of
total cholesterol (CH), and E and F represent moni-

25 toring of triacylglycerol (TG). Standard eluting posi-
tions for peaks of human plasma LDL and HDL are

at 23.4 and 26.7 min, respectively, as indicated by ar-

0 rows. Lipid concentration was monitored as described

Lipid concentration, mV

m
oy
N

in the text, being expressed in mV and calibrated as
15 55.6 nM/mV for choline-phospholipid and 30.0 nM/mV

for cholesterol and TG.

10

Retention Time, min

increases of TG-rich LDL in both WT mice (Fig. 1E) and
ABCAI1-KO mice (Fig. 1F). Agarose gel electrophoresis re-
vealed that the electrophoretic mobility of HDL in WT
mice became slower and faint lipid staining appeared in
a slow HDL fraction in ABCA1-KO mice after LPS injec-
tion (see supplementary data I).

Table 1 shows changes in HDL-cholesterol, SAA, and
TNF-0 in mouse plasma after LPS injection. Although HDL
cholesterol increased markedly in WT and ABCAl-hetero
mice, it did not increase in ABCA-KO mice. No SAA was
detected in plasma without LPS injection. SAA was in-
creased significantly in WT and ABCAl-hetero mice, whereas
it remained at a very low level in the ABCAI-KO mouse
plasma. SAA concentration in ABCAl-hetero mouse plasma
was about half of that in WT mice. Because LPS is known
to induce TNF-a, a mediator and one of the major stimu-
lants for SAA production (2), TNF-a concentration in plasma
was measured to determine whether ABCA1-KO mice re-
spond to LPS. Transient increases of plasma TNF-o were
detected at 2 h after the LPS injection in all WT, ABCAl-
hetero, and ABCA1-KO mice, and these was diminished
at 24 h. The increase was highest in ABCA]-KO mice.

As shown in Fig., 2A, SAA that appeared in plasma was
associated with HDL in WT mice, whereas SAA was barely

388 Journal of Lipid Research Volume 49, 2008

20 25 30 20 25 30
Retention Time, min

found in ABCA1-KO mouse plasma and was associated
with the VLDL/LDL fraction. In contrast, substantial in-
duction of SAA was identified in the liver of ABCA1-KO
mice, essentially as much as in WT mice (Fig. 2B). To ex-
amine whether SAA is secreted from the liver, we pre-
pared primary hepatocytes from WT and ABCAI-KO
mice. Our attempt at in vitro induction of SAA by the
cytokine mixture was unsuccessful, probably because of
their cytotoxicity in our experimental conditions of using
serum-free medium (data not shown), inconsistent with a
previous report (21). Therefore, in vivo induction was used
as pretreatment of mice with LPS. The message of SAA
in the liver was increased markedly in this condition, as
discussed below. SAA was detected in the conditioned me-
dium of the hepatocytes prepared from untreated WT
mice, and the LPS pretreatment increased it. SAA in the
medium of WT hepatocytes was all recovered in the HDL
fraction. In contrast, all of the SAA induced by LPS was
found in the protein fraction defined as d > 1.21 g/ml in
the medium of ABCA1-KO mouse hepatocytes (Fig. 2C).
ApoA-] was found in the conditioned medium in every ex-
perimental condition. Secretion of apoA-l decreased by
LPS in both genotypes. The distribution of apoA-I between
HDL and free protein fractions was similar to that of SAA
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TABLE 1. Effects of LPS treatment on mice

Genotype

Variable Time after Injection of LPS WT Hetero KO
HDL-cholesterol (mg/dl) Oh 454 5.3 325 % 42 05 =02

24 h 81.0 = 7.0" 57.8 = 11.6" 1.1 15
SAA (mg/ml) Oh 0.25 = 0.26 0.01 = 0.00 0.01 = 0.02

24 h 14.20 + 1.47“ 8.20 + 4.20" 1.24 * 1.38%
TNF-a (ng/ml) Oh 0.02 = 0.00 0.02 = 0.00 0.02 = 0.01

2h 0.42 * 0.15" 0.55 + 0.31° 1.48 * 0.33%"
24 h 0.01 = 0.00 0.02 £ 0.01 0.02 = 0.01

Hetero, heterozygotes of ABCA1-KO mice; KO, knockout; LPS, lipopolysaccharide; SAA, serum amyloid A;
TNF, tumor necrosis factor; WT, wild-type. Plasma was collected before and 24 h after LPS treatment. HDL-
cholesterol SAA and TNF-a were measured as described in the text. Each value represents the mean = SD (n =
8 for HDL-cholesterol, n = 6-8 for SAA, and n = 3 for KO at 24 h, 6 for KO at 0 and 2 h, 8 for WT and Hetero at

0 h, and 10 for WT and Hetero at 2 and 24 h for TNF-a).

“Significant statistical difference (P < 0.001) from the 0 h group with matched genotype.
”Signiﬁcam statistical difference (P < 0.001) from the WT group.

“Significant statistical difference (P < 0.001) from the Hetero group.

“Significant statistical difference (P < 0.01) from the WT group.

“Significant statistical difference (P < 0.01) from the Hetero group.

(Fig. 2C). To dectermine whether the generation of SAA-
containing HDL depends on ABCAIl, we examined SAA-
mediated lipid release from skin fibroblasts (Table 2). Both
apoA-I and SAA induced the release of cholesterol and
phospholipid from WT mouse fibroblasts. However, no lipid
release was observed from ABCAI-KO mouse fibroblasts.
The data indicated that SAA and apoA-I are both secreted
by hepatocytes regardless of ABCA1 genotype, although the
production of HDL with these proteins requires ABCAI.

A

KO

KO

Figure 3 demonstrates changes in various messages in
the liver after LPS injection to the mice. In WT mice, the
increase of SAA mRNA was apparent as early as 2 h after
the injection, continued to increase for 16 h, and returned
to the basal level at 48 h. ApoA-l mRNA was decreased
by LPS injection. ABCA1 mRNA increased soon after the
LPS injection, reached a peak at 2 h, and decreased to
the control level at 24 h. ABCG1 mRNA was not affected
during the experimental time course. The changes in mRNA

Fig. 2. Association of serum amyloid A (SAA) with
lipoprotein fractions. A: Plasma SAA distribution in
mice after LPS injection. Plasma was collected at 0 h
(none) and 24 h (LPS) after LPS injection from WT
and ABCA1-KO mice, and SAA was analyzed by West-
ern blot analysis in VLDL/LDL, HDL, and protein
(Pro) fractions. Lipoprotein fractions were equiva-
lent to 50 pl of plasma, and protein fractions were
equivalent to 5 pl. B: SAA production in the liver
after LPS treatment of mice. Liver SAA protein was
analyzed before (none) and after the injection of
PBS or LPS in WT and ABCA1-KO mice. Twenty-four
hours after the injection, mice were perfused with
PBS to wash out plasma SAA and the liver was col-
lected for Western blot analysis (100 wg protein/
lane). C: Analysis of the culture medium of the pri-
mary hepatocytes isolated from WT and ABCA1-KO
mice for SAA and apolipoprotein A-l (apoA-I). WT
and ABCA1-KO mice were treated with LPS or un-
treated (none), and the liver was removed after 6 h.
Hepatocytes were prepared and placed onto 60 mm
dishes at a concentration of 1.8 X 10° cells/dish. After

SAA

ApoA-l

3 h of incubation, the cells were washed with PBS
and incubated with medium containing 0.02% BSA.
After another 12 h of incubation, the conditioned
medium was collected. SAA and apoA-l in the me-
dium of VLDL/LDL, HDL, and protein (Pro) frac-

tions were analyzed by Western blotting.

ABCAl-dependent biogenesis of SAA-HDL 389
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TABLE 2. Cellular lipid release mediated by exogenous lipid-free

apoA-T and SAA
Treatment
Lipid Relcasc Genotype None ApoA-1 SAA
Cholesterol WT 0.21 £0.03 1.29 =0.14° 1.22 *0.05"
KO 0.10 =002 0.10=0.03 0.25 £0.05
Phospholipid WT 1.07 £ 005 2.78 = 0.40“ 2.10 *= 0.02"
KO 0.69 =013 0.79 = 0.11 0.80 = 0.03

Fibroblasts prepared from WT mice and ABCAI-KO mice were
incubated with 0.02% BSA/DF medium (see Materials and Methods)
containing 10 pg/ml apoA-, 10 pg/ml SAA, or 0.02% BSA/DF me-
dium alone (none) for 24 h. Cholesterol and phospholipid in the
medium were measured as described in Materials and Methods. Each
value represents pg/well (mean = SD; n = 3).

“Significant statistical ditference (P < 0.001) from the none group
with a matched genotype.

levels of SAA, apoA-I, and ABCG1 in ABCAI-KO mice were
similar to those observed with WT mice. ABCAI protein,
however, increased and reached a peak at 16 h after LPS
injection and remained higher than the basal level even at
48 h (Fig. 4A). In contrast, ABCGI1 protein was unaffected
by LPS injection (Fig. 4A).

As the time courses of the increase of ABCAI and SAA
mRNA were different, SAA protein is unlikely to induce
an increase of ABCA1 mRNA. On the other hand, helical
apolipoproteins such as apoA-I stabilize ABCAl protein
against its calpain-mediated proteolysis (22). Therefore,
we investigated the effect of SAA on the degradation of
ABCAL1 protein in vitro. As shown in Fig. 4B, the clear-
ance of ABCAl protein in primary cultured fibroblasts
and BALB/3T3 cells was retarded by SAA and apoA-l
Similar results were demonstrated with CHO-KI1 cells (data
not shown). Therefore, prolonged increase of ABCAl
protein in the liver after LPS treatment was likely attrib-
utable to its stabilization by SAA protein.

ABCALI protein level was also examined in extrahe-
patic organs. As shown in Fig. 4C, liver ABCAl protein
level was higher in LPS-treated animals than in the un-
treated control group even at 24 h after injection, when
the mRNA level had already returned to the original
level, as indicated in Fig. 3. ABCAI protein levels in the
brain and adrenal gland were not affected significantly
by LPS injection.

DISCUSSION

We investigated the mechanism for the biogenesis of
SAA-HDL and a role of ABCAl in a mouse model using
ABCAI1-KO mice. The results showed that the produc-
tion and secretion of SAA in the liver were induced in
an acute phase response to inflammation preceded by an
increase of TNF-o in plasma. Plasma SAA was increased
markedly at this stage, being associated with HDL only
when ABCAL1 was present. Expression of the ABCAI gene
was enhanced in the acute phase, likely independent of
SAA induction, and degradation of the ABCA1 protein
was presumably retarded in the liver because of its stabi-
lization by SAA.
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Fig. 3. Changes in the expression of SAA, apoA-l, ABCAl, and
ABCG] in the liver of ABCA1-KO (circles) and WT (diamonds) mice
by LPS injection. Mice were treated with LPS (or with PBS), and
the liver was collected at the times indicated (0, 2, 4, 8, 16, 24,
and 48 h for WT mice and 0, 4, 8, 16, and 24 h for ABCA1-KO
mice). Levels of SAA, apoA-I, ABCAl, and ABCG1 mRNA were
determined by quantitative RT-PCR. Data represent means * SD
(n = 3) relative to the level of WT mice at 0 h. Significant statisti-
cal differences from the 0 h data are indicated with asterisks:
*k P < (.01, ¥** P<0.001.

The involvement of scavenger receptor class B type I
(SR-BI) has been suggested in the biogenesis of SAA-
HDL (23). However, our previous data demonstrated that
SAA-HDL biogenesis was SR-Blindependent (13). Al-
though the expression of SR-BI mRNA in the liver was
the same between WT and ABCA1-KO mice (Hu et al.,
unpublished data), the hepatocytes of ABCA1-KO mice
did not produce SAA-HDL (Fig. 2C). The reports that the
SAA-mediated cholesterol release from ABCAl-expressing
cells was enhanced by SR-BI (24) and that SR-BI accel-
erates cellular lipid release only to the “lipidated” SAA in
the absence of ABCAl (25) indicate that the initial bio-
genesis of SAA-HDL particles depends on ABCAl and
that SR-BI may further enhance lipid release to the HDL.
ABCA7 also mediated HDL biogenesis when transfected
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ABCGI mRNA in the mouse liver in vivo and in undif-
ferentiated THP-1 cells in vitro (32). Those authors also
showed that the induction of ABCA1 expression in THP-1
cells was blocked by PD169316, a p38 mitogen-activated
protein kinase inhibitor (32). Another report demon-
strated the induction of ABCA1 mRNA by TNF-« through
nuclear factor kB (NF-kB) in mouse peritoneal macro-
phages (33). In contrast, many other reports have stated
that ABCALI is negatively regulated in inflammation. Ad-
ministration of IL-1B to undifferentiated THP-1 cells (34)
and LPS to RAW264 cells (35) resulted in NF-«xB activa-
tion and ABCAI suppression. However, none of these re-
ports has yet to find an exact NF-kB binding site(s).

LXR can also be a target of LPS. However, LXRae mRNA
was not influenced by the LPS treatment in the mouse liver
in our findings (see supplementary data III). LPS down-
regulated LXRa and ABCAL in the kidney in mice (36).
Repression of LXR by LPS was also found in the hamster
liver (37). Lipid A, a component of LPS, but not TNF-« or
IL-1B inhibited the LXR ligand-induced ABCAL1 expression
in peritoneal macrophages in vitro, being mediated through
TLR 3/4 and IRF3 (38). Nevertheless, LPS caused neither
a reduction of LXR protein nor a decrease of nuclear pro-
tein binding to an LXR response element, despite the de-
crease of ABCA1 and ABCG1 mRNA in |774 cells (39). The
regulation of ABCAIl in the acute phase is important for
understanding changes in lipid and lipoprotein metabo-
lism in such a condition. Further extensive studies are re-
quired for the full elucidation of these findings.

The turnover of ABCA1 protein is rapid, with a halflife
of 1-2'h (22, 40, 41). ABCAI protein in the liver continued
to increase until 16 or 24 h after the LPS treatment and
remained higher than the control level even at 48 h after
treatment (Fig. 4A), whereas the ABCAl mRNA level
returned to normal or even lower after 16 h (Fig. 3). In
contrast, both the message and protein levels of ABCGI
remained constant throughout this period (Figs. 3, 4A).
Helical apolipoproteins such as apoA-I protect ABCA1 from
its proteolytic degradation (22, 40), as do many other am-
phiphilic helical peptides, including apolipoproteins and
synthetic peptides (42). Consistent with those findings,
exogenously added lipid-free SAA protected ABCA1 pro-
tein from degradation in vitro (Fig. 4). Therefore, an in-
crease of SAA secretion in the liver may likely cause the
stabilization of ABCALI in vivo during acute phase reac-
tions. No such effect was apparent in extrahepatic tissues in
LPS-treated animals (Fig. 4C), because helical apolipo-
proteins stabilize ABCAI only in their lipidfree forms
(22), the liver is the dominant organ in the production of
SAA (2), and very little SAA was found in the lipid-free
fraction of plasma (27).

HDL is proposed to neutralize LPS (1), and this view
may be consistent with a greater increase of plasma TNF-a
in HDL-deficient ABCAI-KO mice than in WT mice after
LPS treatment (Table 1). Relative induction of SAA in
the liver, however, was smaller in spite of a higher plasma
TNF-a level in ABCA1-KO mice (Figs. 2B, C, 3). Gluco-
corticoids are known to enhance SAA induction by cyto-
kines (2), and plasma corticosterone concentration was
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very low in ABCA1-KO mice even after LPS treatment
(data not shown), presumably as a result of the shortage
of cholesterol storage in the adrenal glands. This might
be the reason for the low response of SAA expression.

Acute phase HDL may also remove cholesterol from
cells, although to a lesser extent than normal HDL (43).
However, the specific functions of SAA-containing HDL
remain unclear. Acute phase SAA is found in all of the
vertebrates examined and is highly conserved across evo-
lutionarily distinct species, indicating that the induction
of SAA in an acute phase should be one of the funda-
mental and important reactions to general stress, includ-
ing inflammation (2). Many reports indicated protective
functions of SAA against infection and inflammation,
such that SAA binds to the outer membrane protein A of
Gram-negative bacteria (44) and acts as an opsonin (45).
However, it is unknown whether these SAA functions are
related to its presence in HDL. On the other hand, SAA
is a precursor of amyloid A, the principal component of
the secondary amyloid plaques (2), representing an un-
beneficial aspect of its overproduction. As the clearance
of lipid-free SAA is more rapid than that of HDL-bound
SAA (46), the lipidation of SAA prolongs its life in the
circulation and may prevent it from deposit to the tissues.
Thus, SAA induction in the ABCAl-deficient condition
would aggravate a risk for secondary amyloidosis. Further
studies are required to address these questions.filj
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Supplementary Data 1. Effcct of the LPS treatment on plasma HDL in mice. (A)
Plasma lipoprotcin lipid concentration at the bascline condition. Total cholesterol (TC)
and free cholesterol (FC) of WT (gray columns). ABCA I-hetero (meshed columns) and
ABCA1-KO mice (whitc columns) arc shown. Each valuc represents the mean + SD (n
= 8) Significant statistical differcnce between the genotypes is indicated as ¥**
(p<0.001). (B) Plasma of WT, ABCA I-hctcro and ABCA 1-KO mice were analyzed by
agarosc gel clectrophoresis and by Sudan black staining. Human plasma was also
applicd as a reference. HDL and LDL in human plasma arc indicated as | and }.
respectively. (C, D and E) Agarose gel clectrophoresis of mice plasma afier the LPS
injection. Plasma was collccted from WT mice (WT) and ABCA 1-KO mice (KO) at 0
hour (none) and 24 hours (LPS) afler LPS injection VLDL/LDL and HDL fractions
were isolated by ultracentrifugation as density below 1.063 g/ml and between 1.063 and

1.21 g/ml. respectively. Each fraction was analyzcd by agarosc gel clectrophoresis. and
lipoproteins were visualized by Sudan black staining (C). and by specific staining for
cholesterol (D) and TG (E) using an enzymatic colorization mcthod (J818 and J819,
Helena Laboralories), respectively. VLDL/LDL derived from 0.66 pl of plasma and
HDL from 0.33 pl of plasma were analyzed in each lanc. HDL and LDL in human

plasma arc das| and }, rcsp v,
Supplementary Data 2. Effccts of low dosc of LPS on WT mice. WT mice were

treated with LPS (0, 12.5 and 25 pug). The liver and plasma were collected at 16 hours
after i mJecnon A: Liver SAA mRNA determined as Figure 3A: B: Plasma cholesterol

as d in the text: C: Distribution of SAA among

plasma fractions analyzed by Westem blotting.

S y Data 3. Time-dependent change of LXR| mRNA in the liver after
injection of LPS in WT mice. The liver was removed and LXR| mRNA was determined
as described in Figure 3. Primers used for quantitative RT-PCR were 5'-TCAACT
GGG GTT GCT TTA GG-3' (forward) and 5-CTT TTT CCG CTT TTG TGGAC-3'

(reversed)
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We previously showed that astrocytes produce and release fibroblast growth fator-1
(FGF-1) upon l-month primary and l-week secondary culture (M/W cells) and
stimulate themselves by an autocrine manner to produce apoE-high-density
lipoproteins (HDL), closely associated with their generation of apoE-HDL in brain
injury. Astrocytes prepared by 1-week primary and 1-month secondary culture (W/M
cells), however, expressed FGF-1 as much as M/W cells but produce apoE-HDL much
less. The W/M cells conditioned medium in fact contained FGF-1 activity to stimulate
astrocytes prepared by 1l-week primary and 1l-week-secondary culture (W/W cells).
FGF-1 did not stimulate W/M cells for apoE-HDL biogenesis while it stimulated W/W
cells. Phosphorylation of Akt, ERK and MEK were induced by FGF-1 in W/W cells but
not in W/M cells. Finally, fibroblast growth factor receptor-1 in the membrane
‘decreased in W/M cells in comparison to W/W cells. Interestingly, the reactivity of
astrocytes to FGF-1 was recovered when W/M cells were transferred to the tertiary
culture of 1 week. We concluded that astrocytes decrease their reactivity to FGF-1 for
apoE-HDL biogenesis in certain conditions. The findings indicate astrocyte FGF-1
enhances biogenesis of apoE-HDL also by a paracrine mechanism.

Key words: astrocytes, apolipoprotein E, high-density lipoprotein, cholesterol,
fibroblast growth factor-1.

Abbreviations: apoE, apolipoprotein E; HDL, high-density lipoprotein; FGF-1, fibroblast growth factor 1;
DPBS, Dulbecco’s phosphate-buffered saline; FCS, fetal calf serum; TLC, thin layer chromatography;

BSA, bovine serum albumin; FGFR-1, fibroblast growth factor receptor 1.

Astrocytes play many important roles in the brain for
maintaining its function. One of those functions is to
produce and secrete apolipoprotein E (apoE) and gen-
erate high-density lipoprotein (HDL) with the cellular
lipid (I, 2). ApoE production increases in the brain when
it is injured, acutely and perhaps chronically as well
(3-12). We found that healing of the experimental cryo-
injury of the brain was substantially retarded in the
apoE-deficient mice (13). Production of fibroblast growth
factor-1 (FGF-1) was observed in astrocytes in the peri-
injury regions 2 days after the injury both in the apoE-
deficient and wild-type mice brain. ApoE production
increased a few days later in thé same regions of the
wild-type mouse brain (13). In vitro, astrocytes produce
and release FGF-1 into the medium when prepared
as l-month primary and 1-week secondary -culture
(M/W cells) (14). These cells themselves produce a large
amount of apoE-HDL, and anti-FGF-1 antibody pre-
vented this apoE-HDL production, so that increase of
apoE-production in the astrocytes thus prepared seemed
due to an autocrine reaction of FGF-1 (15). The condi-
tioned medium of M/W cells and FGF-1 stimulated the

*To whom correspondence should be addressed. Tel: +81 52 853
8139, Fax: +81 52 841 3480,
E-mail: syokoyam@med.nagoya-cu.ac.jp

Vol. 143, No. 5, 2008 611

astrocytes prepared in a conventional method as
l-week primary and 1l-week secondary culture (W/W
cells). Therefore, we hypothesize that FGF-1 is a trigger
for astrocytes to stimulate generation of apoE-HDL
for recovery of the brain injury by an autocrime
mechanism (15).

We further investigated the mechanism for FGF-1 to
stimulate apoE-HDL production with respect to intracel-
lular signalling. We identified that FGF-1 initiates apoE
gene transcription, biosynthesis of cholesterol and other
lipid, and secretion of apoE-HDL, independently (16). The
PI3K/Akt pathway up-regulates apoE-HDL secretion, the
MEK/ERK pathway stimulates cholesterol biosynthesis
and an unknown pathway enhances apoE transcription.

FGF-1 is produced and released by M/W cells that are
kept for 1 month with other neural cells including
neurons. Neurons are removed in the secondary culture
by the trypsin treatment of the cells in primary culture,
so that the astrocytes in the secondary are free from the
influence of neurons. Experiment is thus designed
to examine whether production of FGF-1 is induced by
the influence of other neural cells such as neurons or
by the long-time incubation itself. Astrocytes were there-
fore prepared after 1-week primary culture either by
the conventional method of transferring the cells to the
secondary culture of 1 week (W/W cells) or by its
extension to 1 month (W/M cells).

© 2008 The Japanese Biochemical Society.
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FGF-1 was produced and released by W/M cells as well
showing that this is independent of co-culture with other
neural cells and perhaps due to the long-time culture of
astrocytes. In contrast to the findings with M/W cells,
however, the reactivity of astrocytes to FGF-1 seemed to
be altered in W/M cells. Although apoE-HDL secretion
was found somewhat high in comparison to the conven-
tionally prepared W/W cells, W/M cells showed lower
apoE-HDL production than M/W cells. We investigated
the underlying mechanism for this phenomenon and
found that the cells in this condition produce and release
FGF-1 so much as M/W cells but they are poorly reactive
to FGF-1. Thus, astrocytes produce and release FGF-1
in certain conditions such as under stress but they may
remain reactive to FGF-1 or reduce the reactivity to
FGF-1 being dependent on their microenvironment. This
finding suggests that FGF-1 acts on astrocytes to stimu-
late apoE-HDL secretion either (or both) by an autocrine
or (and) paracrine reaction(s).

MATERIALS AND METHODS

Preparation of Fetal Rat Astrocytes—Astrocytes were
prepared from the 17-day-old fetal brain of Wistar rat
according to the method previously described (14-17).
After removal of the meninges, the brain was cut into
small pieces and treated with 0.1% trypsin solution in
Dulbecco’s phosphate buffered saline (DPBS) containing
0.15% glucose (0.1% trypsin/DPBS/G) for 3 min at room
temperature. The cell pellet by centrifugation at
1,000r.p.m. for 3min was cultured in F-10 medium
containing 10% fetal calf serum (FCS) (10% FCS/F-10) at
37°C for 1 week as a primary culture. After treatment
with 0.1% trypsin/DPBS/G containing 1 mM ethylenedia-
minetetra-acetic acid, the cells were cultured in 10%
FCS/F-10 for 1 week (W/W cells) or for 4 weeks (W/M
cells) as secondary culture (14). W/M cells were further
transferred to the tertiary culture of 1 week (W/M/W
cells). Population of W/M and W/M/W cells were
predominant in astrocytes being consistent with that of
W/W and M/W cells according to the criteria we
previously reported (14).

Synthesis of Cellular Lipids—To measure de novo
synthesis of lipid, astrocytes were incubated with
[*H]-acetate (20 uCi/ml) as indicated in each figure legend
and washed three times with DPBS. Lipid was extracted
from the cells with hexane/isopropanol (3:2, v/v), and
radioactivity was counted in cholesterol, sphingomyelin
and phosphatidylcholine after separation by thin layer
chromatography (TLC) (15).

Cellular Lipid Release into the Medium—For standard
measurement of cholesterol and other lipid released
into medium (15), astrocytes were labelled by incubating
with [®H]-acetate (20—40uCi/ml) in 0.1% bovine serum
albumin (BSA)/F-10 as indicated in each figure legend. The
cells were washed three times with DPBS and incubated in
a fresh 0.02% BSA/F-10 for 5h. The medium was collected
and centrifuged at 15,000 r.p.m. for 30 min to remove the
cell debris. Lipid was extracted from the medium with
chloroform/methanol (2:1, v/v) and analysed by TLC with
diethyl ether/benzene/ethanol/acetic acid (200:250:10:1)
and chloroform/methanol/acetic acid/water (25:15:4:1) to
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determine radioactivity of cholesterol, sphingomyelin and
phosphatidylcholine.

Analysis of Protein by Western Blotting—The method:
was described previously (15, 16). The conditioned
medium of astrocytes was treated with 10% trichloro-
acetic acid and centrifugation at 15,000 r.p.m. for 20 min
after the cell debris was removed by centrifugation at
15,000r.p.m. for 30min. The cells ware treated with
0.02M Tris—-HCl, pH7.4 containing protease inhibitor
cocktail for 15min with 25 times strong agitations for
10s every 5 min. After removing nuclei by centrifuging at
3,000r.p.m. for 20 min, the supernatant was centrifuged
at 90,000r.p.m. for 30 min to obtain cytosol and mem-
brane fractions as supernatant and precipitant. Each
sample was analysed by <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>