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Abstract Modified LDL in human plasma including small,
dense LDL (sdLDL) and oxidized LDL carries a more nega-
tive charge than unmodified LDL and is atherogenic. We
examined the effects of apolipoprotein A-I (apoA-I)/POPC
discs on charge-based LDL subfractions as determined by
capillary isotachophoresis (cITP). Three normal healthy sub-
jects and seven patients with metabolic disorders were in-
cluded in the study. LDL in human plasma was separated
into two major subfractions, fast- and slow-migrating LDL
(fLDL and sLDL), by cITP. Normal LDL was characterized
by low fLDL, and mildly oxidized LDL in vitro and mildly
modified LDL in human plasma were characterized by in-
creased fLDL. Moderately oxidized LDL in vitro and mod-
erately modified LDL in a patient with hypertriglyceridemia
and HDL deficiency were characterized by both increased
fLDL and a new LDL subfraction with a faster mobility
than fLDL [very-fast-migrating LDL as determined by cITP
(vfLDL)]. cITP LDL subfractions with faster electrophoretic
mobility (fLDL vs. sLDL, vfLDL vs. fLDL) were associated
with an increased content of sdLDL. Incubation of a plasma
fraction with d > 1.019 g/ml (depleted of triglyceride-rich
lipoproteins) in the presence of apoA-I/POPC discs at 37°C
greatly decreased vfLDL and fLDL but increased sLDL. Incu-
bation of whole plasma from patients with an altered distribu-
tion of cITP LDL subfractions in the presence of apoA-I/
POPC discs also greatly decreased fLDL but increased
sLDL. ApoA-I/POPC discs decreased the cITP fLDL level,
the free cholesterol concentration, and platelet-activating
factor acetylhydrolase activity in the sdLDL subclasses
(d = 1.040-1.063 g/ml) and increased the size of LDL.H}
ApoA-I/POPC discs reduced charge-modified LDL in
human plasma by remodeling cITP fLDL into sLDL sub-
fractions.—Zhang, B., Y. Uehara, S. Hida, S-i. Miura, D. L.
Rainwater, M. Segawa, K. Kumagai, K-A. Rye, and K. Saku.
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Qualitatively modified LDL in plasma is characterized
by an increased negative charge and has been shown to be
atherogenic (1). Mildly modified LDL with an increased
negative charge is from multiple origins and could con-
tribute to atherogenesis via several mechanisms, as a result
of its proinflammatory, proapoptotic, and antiangiogen-
esis properties [see review by Sanchez-Quesada, Benitez,
and Ordonez-Llanos (1)]. Currently, two techniques are
used to separate and quantify charge-based LDL subfrac-
tions: ion-exchange chromatography (2-4) and capillary
isotachophoresis (cITP) (5-7). The ion-exchange chroma-
tography technique separates LDL isolated from plasma by
ultracentrifugation into electronegative LDL [LDL(—)]
and electropositive LDL [LDL(+)], whereas the cITP
technique separates LDL into fast-migrating LDL (fLDL)
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and slow-migrating LDL (sLDL) directly in plasma (5, 6).
We previously showed that fLDL represents an electro-
negative LDL subfraction and that levels of fLDL and
sLDL in ultracentrifugally isolated LDL were proportional
to the protein content of LDL (7). We also showed that
levels of apolipoprotein B (apoB)-containing lipoprotein
subfractions that were directly determined in plasma by
cITP are proportional to the amount of apoB-containing
lipoproteins (8).

HDL therapy through the infusion of reconstituted
HDL or synthetic apolipoprotein A-I (apoA-I)/phospho-
lipid (PL) complexes is attracting attention as a thera-
peutic approach for acute coronary syndromes (9). A
recombinant apoA-Iyfijano/PL complex administered in-
travenously in five doses at weekly intervals has been shown
to produce a significant regression of coronary athero-
sclerosis in patients with acute coronary syndrome (10).
Infusion of reconstituted HDL containing apoA-I and
POPC rapidly normalized endothelium-dependent vaso-
dilation in patients with hypercholesterolemia (HC) (11).
Also, reconstituted HDL inhibited the Creactive protein-
induced expression of inflammatory adhesion molecules
much more potently than plasma HDL (12). The ability of
apoA-I/POPC discs to increase pref-migrating HDL (13)
and enhance the removal of lipids from arteries (14) is one
of the mechanisms by which apoA-I/POPC discs cause a
regression of atherosclerosis. We previously showed that in
vitro incubation of apoA-I/POPC discs with human plasma
HDL rapidly remodeled fast-migrating HDL (fHDL) and
intermediate-migrating HDL (iHDL) into slow-migrating
HDL (sHDL) as characterized by cITP (15), providing a
mechanism for the rapid increase in pref-migrating HDL
observed in human subjects (13).

Nanjee et al. (13), who studied the acute effects of
apoA-I/POPC discs on plasma lipoproteins in human sub-
jects, observed a significant decrease in apoB during the
infusion of apoA-I/POPC discs (4 h). Koizumi et al. (16)
also found that apoHDL/PL complexes reduced non-
HDL cholesterol in hyperlipidemic rabbits at 3 to 6 h after
infusion of apoA-I/POPC discs for 30 min. Although the
mechanism by which apoA-I/POPC discs decrease non-
HDL cholesterol is not fully understood, LDL has been
shown to interact with apoA-I/POPC discs and to take up
PLs to increase the LDL PL/protein weight ratio and
change the size distribution of LDL (17). Whether or not
some interaction between apoA-I/POPC discs and LDL
may change the charge distribution of LDL particles has
not been examined. Because LDL(—) from both normo-
lipidemic subjects and patients with familial HC has been
shown to have impaired binding affinity to LDL receptors
compared with LDL(+) as a result of increased NEFA and
lysophosphatidylcholine (18), it is possible that an inter-
action between apoA-I/POPC discs and LDL may cause a
change in the distribution of charge-based LDL subfrac-
tions and thus an increase in the clearance of LDL, result-
ing in decreased apoB levels.

Navab et al. (19) demonstrated that apoA-I/POPC discs
can remove lipid hydroperoxides from human LDL and
drastically reduce the inflammatory properties of LDL, as
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assessed by the ability of LDL to induce lipid hydroperox-
ide formation and monocyte chemotactic activity in hu-
man artery wall cells. These findings also encouraged us to
test the hypothesis that apoA-I/POPC discs remodel LDL
to decrease its electronegative mobility. Because LDL(—)
separated by chromatography techniques from both nor-
mal subjects (3) and patients with familial HC (20) has
been shown to be inflammatory, it is possible that a drastic
reduction in the inflammatory properties of LDL within
6 h after the infusion of apoA-I/POPC discs into human
subjects (19) may be attributable to a reduction of modi-
fied LDL with increased negative charge.

In this study, the effects of apoA-I/POPC discs on charge-
based LDL subfractions as determined by cITP were exam-
ined /) by incubating plasma depleted of triglyceride-rich
lipoproteins (TRLs) from subjects who had different dis-
tributions of cITP LDL subfractions and 2) by incubating
whole plasma from subjects who had increased cITP fLDL
from different origins in the presence of apoA-I/POPC
discs. We also examined the effects of apoA-I/POPC discs
on the lipid and enzyme composition of LDL, the distribu-
tions of cITP LDL subfractions, lipids, and LDL-associated
enzyme platelet-activating factor acetylhydrolase (LDL-
PAF-AH) in LDL density subclasses, including large, buoy-
ant LDL (IbLDL; d = 1.019-1.035 g/ml), intermediate
density LDL (idLDL; d = 1.035-1.040 g/ml), and small,
dense LDL (sdLDL; d = 1.040-1.063 g/ml) subclasses
(21), and the size of LDL.

METHODS

Subjects

Three volunteer subjects and seven outpatients at Fukuoka
University were included in the study. Volunteer subjects were
normal healthy subjects with normolipidemia (NL) or HC. Pa-
tients were randomly selected based on increased sdLDL cho-
lesterol level (43 mg/dl), hypertriglyceridemia (HTG), HDL
deficiency (HDLD), increased oxidized LDL antibody (OxLDL
Ab) concentration (764 mU/ml), increased LDL-PAF-AH activity
(657 TU/1), diabetes mellitus, or being on hemodialysis. In-
creased OXLDL Ab level and LDL-PAF-AH activity were defined
as greater than the respective 75th percentiles (378 mU/ml and
591 IU/1) in 60 outpatients (37 females and 23 males) who were
entered in a clinical trial for HC. This study was approved by the
Ethics Committee of Fukuoka University Hospital, and written
informed consent was obtained from each patient. Overnight
fasting blood was drawn on EDTA-Nay, and butylated hydroxytol-
uene at a final concentration of 20 wM was added to the isolated
plasma. Aliquots of plasma for cITP analysis were protected with
nitrogen gas and snap-frozen with liquid nitrogen and preserved
as described previously (7). Plasma for the isolation of LDL and
the d > 1.019 g/ml plasma fraction for incubation with apoA-I/
POPC discs were used immediately without storage.

Measurement of lipid parameters

Plasma levels of total cholesterol (TC), triglyceride (TG),
HDIL-cholesterol, LDL-cholesterol, and free cholesterol (FC)
were measured by enzymatic methods on an autoanalyzer
(Hitachi 7600-020S; Hitachi High-Technologies, Tokyo, Japan)
using reagent kits from Daiichi Pure Chemicals Co., Ltd. (Tokyo,
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Japan). OxLDL Ab concentration was measured by enzyme im-
munoassay using a commercially available kit (OLAB; Biomedica,
Vienna, Austria). LDL-PAF-AH activity was measured using an
Azwell Auto PAF-AH reagent kit (Alfresa, Osaka, Japan) as de-
scribed previously (22). The lipoprotein [a] level was measured
by an agglutination turbidimetric method using the lipoprotein
[a] Latex Daiichi kit (Daiichi Pure Chemicals).

Separation of plasma lipoprotein fractions

ApoB-depleted plasma, which contained plasma proteins
and HDL fraction, was prepared by the precipitation of apoB-
containing lipoproteins including TRL and LDL with phospho-
tungstate acid/MgCly, as described previously (23). LDL was
isolated from EDTA plasma by sequential ultracentrifugation (7),
and 10 pl of the isolated LDL (0.5 mg/ml) was added to 6 ul of
apoB-depleted plasma for cITP analysis (7). Mildly and moder-
ately oxidized LDL were prepared by incubating LDL (0.5 mg/ml)
with CuSOy (2.5 uM) at 37°C for 20 and 80 min, respectively.

TRL-depleted plasma, containing plasma proteins, HDL, and
LDL, was prepared by isolating the plasma d > 1.019 g/ml frac-
tion from TRL including VLDL and intermediate density lipo-
protein by ultracentrifugation, as described previously (8). The
density of the plasma was adjusted to 1.019 g/ml with solid KBr
and overlaid with d = 1.019 g/ml KBr solution at a volume ratio
of 7:3. The plasma d > 1.019 g/ml fraction (bottom 7/10th
fraction) was collected using a tube slicer so that the volume of
the isolated plasma fraction was comparable to that of the whole
plasma. Plasma d > 1.035, 1.040, and 1.063 g/ml fractions were
separated similarly. All of the plasma fractions were used for cITP
analysis and the measurement of lipid parameters directly with-
out excluding KBr by dialysis.

Preparation of apoA-I/POPC discs

ApoA-I/POPC discs, at a molar ratio of apoA-I to POPC of
1:92.5, were prepared by the cholate dialysis method (24) as de-
scribed previously (25). Aliquots of apoA-I/POPC discs at apoA-I
concentrations of 2.40 or 4.23 mg/ml were frozen at —80°C until
use and were only thawed immediately before use.

In vitro incubation experiment procedures

The effects of apoA-I/POPC discs on cITP LDL subfractions
were examined by incubating the plasma d > 1.019 g/ml fraction
and whole plasma in the presence of apoA-I/POPC discs at
apoA-l concentrations of 0.5 mg/ml and 0.8 or 1.2 mg/ml,
respectively, at 37°C for the indicated times. Incubation was per-
formed in a water bath under the protection of Ny gas and was
stopped by cooling the samples on ice. Nanjee et al. (13) and
Navab et al. (19) administered apoA-I/POPC discs to male sub-
jects as an intravenous infusion at a dose of 40 mg apoA-I/kg
body weight (26), which is equivalent to 0.8-1.0 mg apoA-I/ml
plasma in men. In this study, the amounts of apoA-I/POPC discs
(0.5, 0.8, and 1.2 mg/ml apoA-I) were equivalent to those used
in human studies.

Plasma LCAT activity was inhibited by DTNB, an LCAT in-
hibitor (final concentration, 2 mM). Plasma cholesteryl ester
transfer protein (CETP) activity was inhibited by JTT-705, a CETP
inhibitor (final concentration, 50 pM) (23). An excess of JTT-705
was used to ensure total CETP inhibition.

Separation and quantification of lipoprotein subfractions
by cITP

cITP of plasma lipoproteins was performed on a Beckman P/
ACE MDQ system (Beckman-Coulter, Inc., Tokyo, Japan) ac-
cording to the method of Bottcher et al. (5) with modifications

as described previously (7, 8, 15, 22, 23, 27-31). Levels of cITP
LDL subfractions were expressed as peak areas relative to the
internal marker 5-carboxyfluorescein.

Measurement of LDL particle diameter by gradient
gel electrophoresis

LDL size was determined by native nondenaturing gradient
gel electrophoresis (GGE) using composite gradient gels as
described previously (32-34). Sudan Black B was used for lipid
staining. LDL size was estimated by measuring median LDL
particle diameter (defined as the diameter at which half of the
LDL absorbance was on larger, and half on smaller, particles).

Analysis of LDL particles by negative stain
electron microscopy

For transmission electron microscopy, the LDL fraction was
separated by sequential ultracentrifugation and dialyzed against
saline containing 1 mM EDTA (pH 8.0) overnight at 4°C to re-
move KBr. Then, LDL was dialyzed against a 20 uM EDTA
solution for 2 h at 4°C and negatively stained on formvar-coated
grids using 1% uranium acetate. Electron micrographs were taken
with a computer-controlled JEOL 1200EX electron microscope
(JEOL, Inc., Tokyo, Japan). Images at a final magnification of
150,000X were acquired using a high-resolution digital camera.
The average diameter of LDL particles was measured by the
image-processing software iTEM (Transmission Electron Micros-
copy Imaging Platform; Olympus Soft Imaging Solutions GmbH,
Berlin, Germany).

Measurement of LDL subclass concentrations by NMR

LDL subclass concentrations and mean LDL particle diameter
were measured in EDTA plasma with an automated NMR spec-
troscopic assay as described previously (35). In brief, the particle
concentrations of LDL subclasses of large (21.2-23.0 nm) and
small (18.0-21.2 nm) LDL particles are derived from the mea-
sured amplitudes of the distinct lipid methyl group NMR signals
they emit. Weighted-average LDL particle sizes (nm) were cal-
culated from the subclass levels.

Statistical data analysis

Statistical analysis was performed using the SAS (Statistical
Analysis System) Software Package (version 9.1; SAS Institute,
Inc., Cary, NC) at Fukuoka University. Median values and upper
and lower quartiles for the lipid and enzyme composition of LDL
were calculated using the Univariate procedure (36). Changes in
lipid parameters in LDL fractions before incubation of whole
plasma in the absence of apoA-I/POPC discs and after incu-
bation of whole plasma in the presence of apoA-I/POPC discs
were examined by the Wilcoxon signed-rank test (36). Significant
differences in the frequency distribution of the diameter of LDL
particles measured by electron microscopy between plasma
without incubation and after incubation in the presence of
apoA-I/POPC discs were examined by Mantel-Haenszel Chi-
square analysis using the FREQ procedure. All P values are two-
tailed. The significance level was considered to be 5%.

RESULTS
A schematic diagram of the experimental procedures

and the characteristics of the study subjects is shown in
Fig. 1.
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subfractions by cITP

Characterization of the distribution of charge-based LDL

NL, female, 40 y

Normal distribution of LDL subfractions —— (170, 47, 58, 97) Subject 1
in whole plasma
Distribution of oxidized LDL subfractions NL, male, 39y Subject 2
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{ HTG, female, 62 y patient 1
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in whole plasma
P |_[HDLD-HTG, female, 51y| poons 2
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n Effects of apoA-l/POPC discs on cITP LDL subfractions
from different origins
Increased High OxLDL Ab, female, 74 y Patient 3
OxLDL antibody (168, 1086, 63, 82, 4)
Increased High PAF-AH, male, 72 y .
LDL-PAF-AH (184, 162, 29, 115,2) | 2ent4
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discs denseLDL | (174,180, 45, 99, 12)
Diabetes DM, female, 59 y )
mellitus (284, 277, 52, 177, 20) | Patient 5

Hemodialysis HD, female, 68 y )
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V. Effects of apoA-l/POPC discs on the size and composition of LDL and the

density distribution of cITP LDL subfractions, LDL lipids, and LDL-PAF-AH

Increased small, | High sdLDL, female, 50 y Patient 1
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mellitus (200, 199, 53, 112, 12) | Patient
d>1.063 g/ml

High TG HTG, male, 55y )
(178, 172, 36, 107, )| Patient 7

Fig. 1. Schematic diagram of the experiments and the characteristics of the volunteer subjects and out-
patients included in this study. Values in parentheses indicate (from left to right) plasma levels of total
cholesterol (TC), triglyceride, HDL-cholesterol, LDL-cholesterol, and lipoprotein [a] in mg/dl. apoA-l,
apolipoprotein A-I; cITP, capillary isotachophoresis; DM, diabetes mellitus; fL.DL, fast-migrating LDL as
determined by cITP; HC, hypercholesterolemia; HD, hemodialysis; HDLD, HDL deficiency; HTG,
hypertriglyceridemia; LDL-PAF-AH, LDL-associated platelet-activating factor acetylhydrolase; NL, normo-
lipidemia; OxLDL Ab, oxidized LDL antibody; sdLDL, small, dense LDL; TG, triglyceride; TRL, triglyceride-
rich lipoprotein; vfLDL, very-fast-migrating LDL as determined by cITP.

Charge distributions of modified LDL subfractions
in vitro and in vivo as characterized by cITP

To examine the effects of apoA-I/POPC discs on modi-
fied LDL with increased negative charge, we first exam-
ined the charge distributions of LDL in human plasma
and LDL oxidatively modified in vitro. Figure 2A shows the
typical lipoprotein profile in a normal healthy subject with
NL (Fig. 1, subject 1) as analyzed by cITP. Plasma lipopro-
teins were separated into three HDL subfractions (peaks
1-3: fHDL, iHDL, and sHDL), two TRL subfractions [peaks 4

1178 Journal of Lipid Research Volume 48, 2007

and b5: fast-migrating triglyceride-rich lipoprotein (fTRL)
and slow-migrating triglyceride-rich lipoprotein (sTRL)],
two major LDL subfractions (peaks 6 and 7: fLDL and
sLDL), and a very minor LDL subfraction (peak 8). In the
NL subject, cITP fLDL was a minor fraction and sLDL was
a major fraction (Fig. 2A).

LDL isolated from a normal healthy subject (Fig. 1, sub-
ject 2) by ultracentrifugation was analyzed by cITP using
plasma depleted of apoB-containing lipoproteins from the
same subject as a plasma protein matrix (30). As shown in
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Fig. 2. A: Lipoprotein subfractions from a normal healthy subject with NL as characterized by cITP. Peaks 1-3, fast-migrating,
intermediate-migrating, and slow-migrating HDL (fHDL, iHDL, and sHDL); peaks 4 and 5, fast-migrating and slow-migrating triglyceride-
rich lipoproteins (fTRLs and sTRLs); peaks 6 and 7, fLDL and slow-migrating LDL (sLDL); peak 8, a very minor LDL subfraction. Lipo-
protein was stained by a lipophilic dye, and detection was achieved by laser-induced fluorescence at 488 nm (7). RFU, relative fluorescence
units. B: cITP lipoprotein subfractions in apolipoprotein B (apoB)-depleted plasma (a), native LDL (b), mildly oxidized LDL (c), and
moderately oxidized LDL (d) in the presence of apoB-depleted plasma from a normal healthy subject with NL. Peak 5, vfLDL. C: Lipo-
protein subfractions in whole plasma (a) and the plasma d > 1.019 g/ml (b) and d > 1.040 g/ml (c) fractions in a patient with HTG.
D: Lipoprotein subfractions in the plasma d > 1.019 g/ml (a) and d > 1.040 g/ml (b) fractions in an HTG patient with HDLD.
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Fig. 2Ba, HDL fractions (peaks 1-3) and a negligible
amount of apoB-containing lipoprotein (peak 4) were de-
tected in apoB-depleted plasma. As shown in Fig. 2Bb,
native LDL (LDL not subjected to in vitro oxidation) con-
tained fLDL (peak 6) as a minor fraction and sLDL (peak
7) as a major fraction when analyzed by cITP in the pres-
ence of apoB-depleted plasma. A very minor fraction
(peak b) was also detected in native LDL (Fig. 2Bb). In
mildly oxidized LDL (Fig. 2Bc), fLDL (peak 6) was in-
creased with a decrease in sLDL (peak 7) compared
with native LDL (Fig. 2Bb). In moderately oxidized LDL
(Fig. 2Bd), the fLDL (peak 6) was further increased with
a drastic decrease in sLDL (peak 7). However, the very
minor fraction in native LDL (Fig. 2Bb, peak 5) was greatly
increased in the moderately oxidized LDL (Fig. 2Bd,
peak 5). This new fraction (peak 5) had faster electro-
phoretic mobility than fLDL (peak 6) and was defined as
very-fast-migrating LDL (vfLDL).

A typical plasma lipoprotein profile from an HTG pa-
tient (Fig. 1, patient 1) with an altered distribution of
LDL subfractions is shown in Fig. 2Ca. cITP fTRL (peak 4)
and sTRL (peak 5) subfractions in this patient (Fig. 2Ca)
were apparently higher than those in the NL subject
(Fig. 2A) as a result of an increased TG level. Figure 2Cb
shows cITP lipoprotein subfractions in the plasma d >
1.019 g/ml fraction (depleted of TRL). As shown, fTRL
(peak 4) was not present and sTRL (peak 5) was present at
only a negligible amount, as expected. However, the fLDL
(peak 6) in the plasma d > 1.019 g/ml fraction (Fig. 2Cb)
was apparently lower than that in whole plasma (Fig. 2Ca),
indicating that a TRL fraction, defined as very-slow-migrating
triglyceride (vsTRL), comigrates with cITP fLDL in whole
plasma in this patient. We previously showed that the cITP
vsTRL fraction was present in postprandial plasma from a
volunteer subject (8). As shown in Fig. 2Cb, A, this patient
had higher fLDL and lower sLDL than the NL subject
despite similar LDL-cholesterol levels (Fig. 1, subject 1,
97 mg/dl, patient 1, 99 mg/dl). This distribution of LDL
subfractions was similar to that of mildly oxidized LDL in
vitro (Fig. 2Bc), indicating that LDL in this patient was
mildly modified.

To examine whether or not moderately modified LDL
is present in human plasma in vivo, we isolated the plasma
d > 1.019 g/ml fraction from an HTG patient with HDL
deficiency (HDLD-HTG) (Fig. 1, patient 2) who had very
low levels of sLLDL but increased fLLDL and sTRL in whole
plasma (data not shown). Figure 2Da shows that both
fLDL (peak 6) and vfLDL (peak 5) were increased in the
plasma d > 1.019 g/ml fraction in the HDLD-HTG patient
compared with the NL subject (Fig. 2A) and the HTG
patient (Fig. 2Cb). The distribution of cITP LDL subfrac-
tions (peaks 5—7) in this patient (Fig. 2Da) was very similar
to that of moderately oxidized LDL in vitro (Fig. 2Bd),
indicating that moderately modified LDL was present in
human plasma in vivo, although not uniformly.

Next, we examined whether or not LDL subfractions
with different electrophoretic mobilities may differ with
regard to the content of sdLDL. As shown in Fig. 2Cc, b,
fLDL (peak 6) in the plasma d > 1.040 g/ml fraction
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(depleted of TRL, 1IbLDL, and idLDL) from the HTG
patient (Fig. 2Cc) was only slightly reduced compared with
that in the plasma d > 1.019 g/ml fraction (Fig. 2Cb),
whereas a reduction in sLDL (peak 7) was apparent, indi-
cating that fLDL contained mostly sdLDL and the sLDL
subfraction contained not only sdLDL but also IbLDL and
idLDL in this HTG patient. Similarly, as shown in Fig. 2Db,
a, ViLDL (peak 5) contained largely sdLDL, whereas fLDL
(peak 6) contained more IbLDL and idLDL than sdLDL in
the HDLD-HTG patient. These results indicate that cITP
LDL subfractions with different electrophoretic mobilities
differ with respect to the content of sdLLDL.

Effects of apoA-I/POPC discs on cITP LDL subfractions
with different distributions

Because TRL interacts with apoA-I/POPC discs (8) and
vsTRL comigrates with fLDL (Fig. 2Ca, b), the effects of
apoA-I/POPC discs on LDL subfractions with different dis-
tributions were examined in TRL-depleted plasma (plasma
d > 1.019 g/ml fraction). As shown in Fig. 3Aa—c, the NL
subject (Fig. 1, subject 1), HC subject (Fig. 1, subject 3),
and HDLD-HTG patient (Fig. 1, patient 2) had distri-
butions of cITP LDL subfractions similar to native LDL
(Fig. 2Bb), mildly modified LDL (Fig. 2Bc), and moder-
ately modified LDL (Fig. 2Bd), respectively. The NL sub-
ject and HDLD-HTG patient were the same as those in
experiment 1, but blood was drawn at different periods. As
shown in Fig. 3A, B, incubation of plasma d > 1.019 g/ml
fractions at 37°C in the presence of apoA-I/POPC discs
produced significant changes in both HDL (peaks 1-3)
and LDL (peaks 6 and 7) subfractions. cITP fHDL (peak
1) and iHDL (peak 2) were drastically decreased and
sHDL (peak 3) was drastically increased after the plasma
d > 1.019 g/ml fractions from the NL (Fig. 3Ba, Aa) and
HC (Fig. 3Bb and Ab) subjects were incubated in the
presence of apoA-I/POPC discs. This result confirms our
previous finding that apoA-I/POPC discs remodeled cITP
fHDL and iHDL into sHDL (15). Peak 4 in Fig. 2Ba—cis a
fraction of apoA-I/POPC discs (data not shown). Incuba-
tion of the plasma d > 1.019 g/ml fractions from the NL
(Fig. 3Ba) and HC (Fig. 3Bb) subjects in the presence of
apoA-I/POPC discs markedly decreased cITP fLDL and
increased sLDL (Fig. 3B, A). This result indicates that
apoA-I/POPC discs also remodeled cITP fLLDL into sLDL
in the NL and HC subjects.

As shown in Fig. 3Bc, Ac, lipoprotein fractions with the
mobility of cITP sHDL (peak 3) and the fraction of apoA-
I/POPC discs (peak 4) were increased in the plasma d >
1.019 g/ml fraction from the HDLD-HTG patient after
incubation in the presence of apoA-I/POPC discs. cITP
vifLDL (peak 5) and fLDL (peak 6) were greatly reduced in
plasma d > 1.019 g/ml fraction after incubation in the
presence of apoA-I/POPC discs (Fig. 3Bc) compared with
those in the absence of apoA-I/POPC discs (Fig. 3Ac).
Surprisingly, the cITP sLDL subfraction (peak 7) that was
present in negligible levels in the plasma d > 1.019 g/ml
fraction in the absence of apoA-I/POPC discs (Fig. 3Ac)
appeared in plasma d > 1.019 g/ml fraction after incuba-
tion in the presence of apoA-I/POPC discs (Fig. 3Bc, peak
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Fig. 3. cITP lipoprotein subfractions in the plasma d > 1.019 g/ml fractions from subjects with NL (a)
and HC (b) and a patient with HDLD and HTG (HDLD-HTG) (c) in the absence of apoA-I/POPC discs (A)
and after incubation at 37°C for 30 min (a, b) and 60 min (c) in the presence of apoA-I/POPC discs at an
apoA-I concentration of 0.5 mg/ml (B). Peaks 1-3, fHDL, iHDL, and sHDL; peaks 4 and 5 in A, fTRL and
vfLDL; peak 4 and 5 in B an apoA-I/POPC disc fraction; peaks 6 and 7, fLDL and sLDL; peak 8, a very minor

LDL fraction.

7). These results indicate that apoA-I/POPC discs remod-
eled cITP fLDL and vfLDL into sLDL to normalize the
altered distribution of LDL subfractions in this HDLD-
HTG subject.

Incubating plasma from the NL, HC, and HDLD-HTG
subjects that contained 2.0 mM DTNB, an LCAT inhibitor,
or 50 pM JTT-705, a CETP inhibitor, in the presence of
apoA-1/POPC discs produced similar changes in cITP lipo-
protein subfractions in plasma d > 1.019 g/ml fraction
(data not shown). This result indicates that changes in
cITP LDL subfractions caused by apoA-I/POPC discs were

not mediated by LCAT activity or CETP activity because
the inhibition of LCAT activity or CETP activity did not
affect the process.

Effects of apoA-I/POPC discs on cITP LDL subfractions
from different origins

Because LDL(—) has been shown to be of multiple ori-
gins (1), the effects of apoA-I/POPC discs on altered cITP
LDL subfractions were examined in whole plasma from
patients with increased OxLDL Ab concentrations (Fig. 1,
patient 3), increased LDL-PAF-AH activity (Fig. 1, patient 4),

ApoA-I/POPC discs remodel cITP LDL subfractions 1181
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increased sdLLDL (Fig. 1, patient 1), or diabetes mellitus
(Fig. 1, patient 5) and a patient on hemodialysis (Fig. 1,
patient 6). As shown in Fig. 4Aa-e, all five patients had
increased cITP fLDL (peak 6) compared with the normal
healthy NL subject (Fig. 2A). As shown in Fig. 4B, A, lipo-
protein subfractions in whole plasma from the five patients
changed similarly to those in the plasma d > 1.019 g/ml
fraction from the NL and HC subjects (Fig. 3) after whole

plasma from these patients was incubated at 37°C in the
presence of apoA-I/POPC discs. ApoA-I/POPC discs ap-
parently reduced the cITP fLDL subfraction (peak 6) and
increased sLDL (peak 7) in all five patients (Fig. 4B, A). A
slight increase in the very minor LDL subfraction (peak 8)
was also observed (Fig. 4). Because peak 4 in the plasma
d > 1.019 g/ml fraction after incubation in the presence
of apoA-I/POPC discs (Fig. 4B) was a fraction of apoA-I/
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Fig. 4. cITP lipoprotein subfractions in whole plasma from patients with increased OxLDL Ab (a), in-
creased LDL-PAF-AH (b), increased sdLDL (c), and diabetes mellitus (d) and on hemodialysis (e) in the
absence of apoA-I/POPC discs (A) and after incubation at 37°C for 90 min in the presence of apoA-I/POPC
discs at an apoA-I concentration of 0.8 mg/ml (B). Peaks 1-3, fHDL, iHDL, and sHDL; peaks 4 and 5 in A,
fTRL and sTRL; peaks 4 and 5 in B, an apoA-I/POPC disc fraction; peaks 6 and 7, fLDL and sLDL; peak 8, a

very minor LDL fraction.
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POPC discs (data not shown), it is apparent that TRL
subfractions (peaks 4 and 5) were also greatly reduced
(Fig. 4B, A).

Effects of apoA-I/POPC discs on the lipid and enzyme
composition of LDL, the density distribution of cITP LDL
subfractions, LDL lipids, and LDL-associated enzyme, and
the size of LDL

To clarify whether or not the charge modification of
LDL by apoA-I/POPC discs reduces the atherogenic prop-
erties of LDL, we examined the effects of apoA-I/POPC
discs on the lipid and enzyme composition of LDL, the
density distribution of cITP LDL subfractions, LDL lipid
contents, and LDL-PAF-AH activity, and the size of LDL.

A quantitative ultracentrifugation technique was used
to measure cITP LDL subfractions in IbLDL, idLDL, and
sdLDL subclasses and lipid concentrations and PAF-AH
activity in LDL fraction and subclasses of 1bLDL, idLDL,
and sdLDL. Because apoB-containing lipoproteins are
susceptible to modification after isolation from HDL and
plasma proteins, lipid parameters in LDL fraction and
IbLDL, idLDL, and sdLDL subclasses were measured by
comparing plasma fractions with and without depletion
of these lipoproteins (HDL and plasma proteins not de-
pleted). Figure 5A shows the cITP lipoprotein profile in
whole plasma from a HTG patient (Fig. 1, patient 7) and
those in the d > 1.019, 1.035, 1.040, and 1.063 g/ml
fractions of the same plasma. As shown in Fig. 5Ab, the
plasma d > 1.019 g/ml fraction contained HDL and LDL
fractions, because the TRL fraction was depleted from the
whole plasma (Fig. bAa). As shown in Fig. bAc, the plasma
d > 1.035 g/ml fraction contained HDL, idLDL, and
sdLLDL, because both TRL and IbLDL were depleted from
the whole plasma. The plasma d > 1.040 g/ml fraction con-
tained HDL and sdLDL (Fig. 5Ad), and the plasma d >
1.063 g/ml fraction contained only HDL (Fig. bAe).
Therefore, LDL fraction and 1bLLDL, idLDL, and sdLDL
subclasses were quantified as the differences between the
plasmad > 1.019 and 1.063 g/ml fractions, the plasma d >
1.019 and 1.085 g/ml fractions, the plasma d > 1.035
and 1.040 g/ml fractions, and the plasma d > 1.040 and
1.063 g/ml fractions, respectively.

Figure 5B shows the cITP lipoprotein profile of whole
plasma from the same HTG patient (Fig. 1, patient 7) after
incubation in the presence of apoA-I/POPC discs and those
in the plasma d > 1.019, 1.035, 1.040, and 1.063 g/ml frac-
tions. As shown in Fig. bAa, Ba, apoA-I/POPC discs caused
significant changes in cITP lipoprotein subfractions in this
HTG patient, similar to those in other subjects, as shown
in Fig. 4. As shown in Fig. 5Bb, cITP sLDL in the plasma
d > 1.019 g/ml fraction was apparently reduced compared
with that in whole plasma (Fig. 5Ba). This result indicates
that the incubation of whole plasma in the presence of
apoA-I/POPC discs produced new particles that comi-
grated with sLDL. Because the new particles were lighter
than LDL, they could originate from TRL.

Table 1 shows changes in the levels of cITP LDL sub-
fractions, concentrations of TC, FC, TG, and PL, and PAF-
AH activity in the LDL fraction and 1bLDL, idLDL, and

sdLDL subclasses of plasma from five patients (Fig. 1, part
IV, patients 1, 2, 4, 5, and 7) before incubation in the
absence of apoA-I/POPC discs and after incubation in the
presence of apoA-I/POPC discs. Median values and upper
and lower quartiles (in parentheses) are given to show the
distribution of continuous variables. Incubation of plasma
in the presence of apoA-I/POPC discs did not signifi-
cantly change cITP sLDL levels or TC, TG, or PL concen-
trations in the LDL fraction but significantly reduced cITP
fLLDL levels, FC concentration, and PAF-AH activity in the
LDL fraction. As also shown in Table 1, cITP fLDL level,
FC concentration, and PAF-AH activity in the sdLDL sub-
class were significantly reduced by incubation of plasma
with apoA-I/POPC discs.

Figure 6A shows cITP fLLDL levels, FC concentration,
and PAF-AH activity in the 1bLDL, idLDL, and sdLDL
subclasses of plasma from each individual patient (Fig. 1,
part IV, patients 1, 2, 4, 5, and 7) before incubation in the
absence of apoA-I/POPC discs and after incubation in the
presence of apoA-I/POPC discs. As shown in Fig. 6Aa,
cITP fLLDL was distributed in the sdLDL subclass of plasma
before incubation. After the incubation of plasma in the
presence of apoA-I/POPC discs, cITP fLDL in the sdLDL
subclass was markedly reduced (Fig. 6Aa, right panel).
This result indicates that apoA-I/POPC discs altered the
density distribution of cITP fLDL. Because lipids were
detected in cITP analysis, a reduction in fLDL indicates
reduced lipid contents in the sdLDL subclass.

As shown in Fig. 6Ab, c, before the incubation of plasma
in the absence of apoA-I/POPC discs, FC concentration
and PAF-AH activity were distributed in the sdLDL sub-
class. After the incubation of plasma in the presence of
apoA-I/POPC discs, FC concentration (Fig. 6Ab) and PAF-
AH activity (Fig. 6Ac) in the sdLDL subclass were mark-
edly reduced, in parallel with the changes in cITP fLDL
(Fig. 6Aa). Parallel changes in cITP fLDL, FC, and PAF-AH
in the sdLDL subclass indicate that the charge modifica-
tion of LDL by apoA-I/POPC discs was associated with
changes in the composition of LDL.

Because reductions in LDL-FC and LDL-PAF-AH by
apoA-I/POPC discs were observed by in vitro incubation
of human plasma (Table 1), acceptors of FC and PAF-AH
should be present. Therefore, we examined changes in TC
concentration and PAF-AH activity in plasma d > 1.063 g/ml
fraction (HDL fraction) from the same patients (Fig. 1, part
IV) before incubation of plasma in the absence of apoA-I/
POPC discs and after incubation of plasma in the presence
of apoA-I/POPC discs. As shown in Fig. 6Ba, b, incubation
of plasma with apoA-I/POPC discs increased TC concen-
tration and PAF-AH activity in plasma HDL fraction from
all five patients. These results indicate that apoA-I/POPC
discs caused the movement of FC and PAF-AH in the sdLDL
subclass to the HDL fraction.

The effects of apoA-I/POPC discs on the size of
LDL were examined by native nondenaturing composite
GGE in plasma from three patients with HDLD-HTG,
increased sdLDL, and high TG concentration (Fig. 1, part
IV, patients 2, 1, and 7, respectively) and by negative stain
electron microscopy after LDL was separated by ultracen-
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Fig. 5. cITP lipoprotein subfractions in whole plasma (a) and plasma d > 1.019 (b), 1.035 (c), 1.040 (d),
and 1.063 g/ml (e) fractions from patient 7 (Fig. 1, part IV). A, B: Whole plasma without incubation in the
absence of apoA-I/POPC discs (A) and after incubation at 37°C for 2 h in the presence of apoA-I/POPC
discs at an apoA-I concentration of 1.2 mg/ml (B). Peaks 1-3, fHDL, iHDL, and sHDL; peaks 4 and 5 in A,
fTRL and sTRL; peaks 4 and 5 in B, an apoA-I/POPC disc fraction; peaks 6 and 7, f{LDL and sLDL; peak 8, a

very minor LDL fraction.

trifugation from plasma of a hypercholesterolemic volun-
teer subject (Fig. 1, subject 3). As shown in Fig. 7A, LDL of
plasma from all three patients migrated a shorter distance
on the composite gradient gel after incubation in the pres-
ence of apoA-I/POPC discs than before incubation in the
absence of apoA-I/POPC discs. Figure 7B shows the me-
dian diameters of LDL determined from the gradient gel.

1184 Journal of Lipid Research Volume 48, 2007

As shown, apoA-I/POPC discs increased the median diam-
eter of LDL in all three patients as determined by GGE.
Figure 8A, B shows electron micrographs of negatively
stained LDL separated from plasma before incubation in
the absence of apoA-I/POPC discs (Fig. 8A) and after in-
cubation in the presence of apoA-I/POPC discs (Fig. 8B).
As shown in Fig. 8C, the frequency distribution of the di-
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ameter of LDL particles was shifted toward a larger size
after plasma from the HC subject was incubated in the
presence of apoA-I/POPC discs. Plasma after incubation
in the presence of apoA-I/POPC discs contained signifi-
cantly (P < 0.01) more large particles than before incu-
bation in the absence of apoA-I/POPC discs. These results
indicated that apoA-I/POPC discs increased the size of
LDL particles.

To clarify how apoA-I/POPC discs increase the size of
LDL, the effects of apoA-I/POPC discs on LDL subclass
concentrations were examined by NMR spectroscopy in
plasma from four patients with sdLDL, increased LDL-
PAF-AH, diabetes mellitus, and high TG concentration
(Fig. 1, part IV, patients 1, 4, 5, and 7, respectively). As
shown in Fig. 9, mean LDL diameters (left panel) and large
LDL particle concentrations (right panel) in plasma from
the four patients before incubation in the absence of
apoA-I/POPC discs were increased after incubation in the
presence of apoA-I/POPC discs, whereas small LDL parti-
cle concentrations did not appear to be affected (data not
shown). This result suggests that apoA-I/POPC discs in-
creased the size of LDL by increasing large LDL particles.

Therefore, composition and size analyses of LDL indi-
cated that in vitro incubation of plasma with apoA-I/POPC
discs caused favorable changes in LDL particles: a re-
duction of FC and PAF-AH in the sdLLDL subclass and an
increase in LDL particle size.

DISCUSSION

A low HDL-cholesterol level is an established risk factor
for coronary heart disease, and HDL therapy is emerging
as an approach for the acute treatment of atherosclerosis
(9, 10). ApoA-I/POPC discs have been shown to increase
prep HDL and enhance reverse cholesterol transport
(9, 14, 26). However, the effects of apoA-I/POPC discs on
LDL have also been reported (16, 17, 19, 26). ApoA-1/
POPC discs decreased apoB levels in human subjects (26)
and non-HDL cholesterol in hyperlipidemic rabbits (16).
Also, apoA-I/POPC discs reduce the inflammatory prop-
erties of LDL by removing lipid hydroperoxides from hu-
man LDL (19).

Modified LDL in plasma that had an increased negative
charge has been separated by ion-exchange chromatogra-
phy and shown to have impaired binding affinity to the
LDL receptor and to have inflammatory properties (1, 18,
20, 37). Therefore, this study tested the hypothesis that
apoA-I/POPC discs reduce charge-modified LDL.

We used cITP to characterize the distribution of charge-
based LDL subfractions in human plasma. Normally, LDL
is separated as two major subfractions (fLDL and sLDL)
(5-8, 28, 30). In normal healthy subjects with NL, cITP
fLLDL is a minor subfraction and sLDL is the major LDL
subfraction (Fig. 2). We found that mildly modified LDL
was characterized by increased fLDL (Fig. 2). Moderately
modified LDL, which is not commonly seen in human
plasma, was characterized with both increased cITP fLDL
and vfLDL (Fig. 2).

Lipid and enzyme composition of LDL and the distribution of cITP LDL subfractions, LDL lipids, and LDL-PAF-AH in LDL density subclasses in whole plasma before incubation in the

TABLE 1.

absence of apoA-I/POPC discs and after incubation at 37°C for 2 h in the presence of apoA-I/POPC discs

After Incubation in the Presence of apoA-I/POPC Discs

Before Incubation in the Absence of apoA-I/POPC Discs

LDL Density Subclasses

LDL Density Subclasses

IbLDL idLDL sdL.LDL LDL Fraction IbLDL idLDL sdL.LDL

LDL Fraction

Parameter

0.06” (0.02, 0.10)

0.01 (0.00, 0.01)
0.37 (0.35, 0.38)
13 (12, 20)

2 (1, 2)

0.00 (0.00, 0.00)
0.22 (0.19, 0.41)
20 (14, 26)

3 (3, 4)

0.04” (0.02, 0.06)
1.44 (1.11, 1.50)

66 (42, 87)
10° (6, 11)

0.19 (0.18, 0.33)
0.56 (0.25, 0.97)
42 (13, 57)

10 (4, 13)

6 (5, 10)

0.06 (0.05, 0.06)
0.34 (0.25, 0.36)

0.05 (0.02, 0.10)
0.27 (0.10, 0.33)
13 (12, 17)

5 (4, 5)

0.27 (0.24, 0.56)

1.02 (0.90, 1.59)

cITP fLDL“
cITP sLDL“

0.55 (0.37, 0.83)
33 (10, 40)

4% (1, 5)

5 (5, 9)

20 (13, 28)
57° (10, 57)

3 (3, 5)
10 (9, 11)
8 (4, 36)

16 (15, 19)
14 (10, 33)

5 (4, 13)

118° (75, 143)

12 (12, 28)
46 (37, 53)

94 (14, 33)
945 (229, 254)

5 (3,7)
11 (8, 14)
99 (17, 27)

Total cholesterol (mg/dl)
Free cholesterol (mg/dl)

Triglyceride (mg/dl)
Phospholipid (mg/dl)

PAF-AH (IU/1)

-I; cITP, capillary isotachophoresis; fL.LDL, fast-migrating LDL as determined by cITP; IbLLDL, large, buoyant LDL; idLLDL, intermediate density LDL; sdLLDL, small, dense

apoA-I, apolipoprotein
LDL; LDL-PAF-AH, LDL-associated platelet-activating factor acetylhydrolase; sLDL, slow-migrating LDL as determined by cITP.

pressed as peak area relative to that of the internal marker 5-carboxyfluorescein. Data are presented as median values (25th percentile, 75th percentile).

P < 0.01, versus plasma without incubation in the absence of apoA-I/POPC discs, assessed by the Wilcoxon signed-rank test.
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Fig. 6. Distributions of cITP fLLDL level (a), free cholesterol concentration (b), and PAF-AH activity (c) in
large, buoyant LDL (d = 1.019-1.035 g/ml), intermediate density LDL (d = 1.035-1.040 g/ml), and sdLDL
(d = 1.040-1.063 g/ml) subclasses measured in the plasma d > 1.019, 1.035, 1.040, and 1.063 g/ml fractions
(A) and TC concentration (a) and PAF-AH activity (b) in HDL fraction measured in the plasma d > 1.063 g/ml
fraction (B) of whole plasma from five patients (Fig. 1, part IV, patients 1, 2, 4, 5, and 7) before and after
incubation at 37°C for 2 h in the presence of apoA-I/POPC discs at an apoA-I concentration of 0.8 (patient 2)

or 1.2 mg/ml.

We also found that LDL subfractions with faster electro-
phoretic mobility (fLDL vs. sLDL, vfLLDL vs. fLDL) as deter-
mined by cITP contained more sdLDL than IbLDL and
idLDL (Fig. 2). Because sdLDL is known to be atherogenic,
this finding suggests that cITP LDL subfractions differ in
their atherogenic properties. This finding agrees with those
of other authors that LDL(—) is atherogenic (1, 20, 37).

We are the first to show that apoA-I/POPC discs rapidly
(<2 h) remodeled both cITP fLLDL and vfLLDL into sLLDL
in TRL-depleted plasma (Fig. 3), independent of LCAT or

1186 Journal of Lipid Research Volume 48, 2007

CETP activity (data not shown). Surprisingly, apoA-l/
POPC discs also remodeled both cITP TRL (fTRL and
sTRL) and fLDL into sLDL in whole plasma from patients
with various metabolic disorders (Fig. 4). Therefore, it is
possible that the rapid reduction of charge-modified LDL
by apoA-I/POPC discs may contribute to the effects of
apoA-I/POPC discs on the quantity and quality of LDL
observed in human subjects (13, 19).

In cITP analysis, lipoproteins are stained with a lipo-
philic dye [6-((N-(-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-
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Fig. 7. A: Native nondenaturing composite gradient gel electro-
phoresis of plasma LDL followed by Sudan Black B staining. Plasma
from a patient with HDLD-HTG (Fig. 1, part IV, patient 2; lanes 1,
2), a patient with increased sdLDL (patient 1; lanes 3, 4), and a
patient with a high TG concentration (patient 7; lanes 5, 6) was run
before incubation in the absence of apoA-I/POPC discs (lanes 1, 3,
5) and after incubation in the presence of apoA-I/POPC discs
(lanes 2, 4, 6). For reference, the arrows point to the locations of
~24.8 and 25.8 nm in the LDL size interval and to the faint refrac-
tile band labeled aMG (for a-macroglobulin; ~20 nm). B: Median
diameter of LDL determined from the composite gradient gel.

hexanoyl)sphingosine (NBD Cg-ceramide)] and the sep-
arated zones are monitored by laser-induced fluorescence
(5-8). Therefore, this analytical technique has the advan-
tage that lipoprotein subfractions can be determined di-
rectly in plasma and the limitation that the compositions
of lipoprotein subfractions cannot be determined. There-
fore, to verify that modification of the LDL charge dis-
tribution by apoA-I/POPC discs is indeed associated with
reduced atherogenic properties of LDL, we examined the
effects of apoA-I/POPC discs on lipid and enzyme com-
position of LDL, the density distribution of cITP LDL
subfractions, lipids, and PAF-AH in lbLDL, idLDL, and
sdLDL subclasses, and the size of LDL particles (Table 1,
Figs. 6-9). Our finding that cITP fLDL was distributed
in the sdLDL subclasses agrees with our previous finding
(7) and that of Sanchez-Quesada et al. (4) that LDL(—)
separated by chromatography was distributed in sdLDL
subclasses in normolipidemic subjects. Our finding that
PAF-AH activity was distributed in the sdLDL subclasses
also agrees with those of other authors (38, 39).

We found a marked reduction of cITP fLDL level, FC
concentration, and PAF-AH activity in the sdLDL sub-
classes after incubation of plasma in the presence of apoA-

Percentage
frequency (%)
X

16 18 20 22 24 26 28 30 32
LDL size (nm)

Fig. 8. A, B: Electron micrographs of negatively stained LDL
separated by serial ultracentrifugation from plasma from a hyper-
cholesterolemic volunteer subject (Fig. 1, subject 3) before incuba-
tion in the absence of apoA-I/POPC discs (A) and after incubation
in the presence of apoA-I/POPC discs (B). Two measurements were
made for the diameter of each LDL particle, and the mean diameter
was used to calculate the size frequency. Magnification, 150,000X.
Bars = 200 nm. C: Size frequency distribution of negatively stained
LDL before incubation in the absence of apoA-I/POPC discs (open
bars; n = 757) and after incubation in the presence of apoA-l/
POPC discs (closed bars; n = 520).

I/POPC discs (Fig. 6A). We have previously shown that an
increase in LDL-PAF-AH activity during cholesterol feed-
ing in rabbits was attributable to the increased secretion of
PAF-AH from macrophages (22). Tsimihodimos et al. (38)
reported increased LDL-PAF-AH activity in patients with
familial HC. We also found an increase in the size of LDL
as determined by composite gradient gel (Fig. 7), electron
microscopy (Fig. 8), and NMR spectroscopy (Fig. 9) after
plasma was incubated with apoA-I/POPC discs. Therefore,
areduction of FC and PAF-AH in sdLDL subclasses and an
increase in LDL size by apoA-I/POPC discs indicate a re-
duced atherogenicity of LDL particles. We found that
apoA-I/POPC discs caused a significant increase in FC and
PAF-AH in the HDL fraction (Fig. 6B). Because plasma was
incubated in vitro, this finding indicates the movement
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Fig. 9. NMR spectroscopic analysis of mean LDL particle diam-
eters and large LDL particle concentrations in plasma from
patients with sdLDL, increased LDL-PAF-AH activity, diabetes mel-
litus, and high triglyceride TG concentrations (Fig. 1, part IV, pa-
tients 1, 4, 5, and 7) before incubation in the absence of apoA-I and
after incubation at 37°C for 2 h in the presence of apoA-I/POPC
discs at an apoA-I concentration of 1.2 mg/ml.

of FC and PAF-AH from LDL to HDL induced by apoA-
I/POPC discs. Therefore, the removal of LDL-FC and
LDL-PAF-AH could be a mechanism by which apoA-I/
POPC discs reduce cITP fLLDL. Navab et al. (19) showed
that apoA-I/POPC discs removed lipid hydroperoxides
from LDL.

Shahrokh and Nichols (17) showed that LDL takes up
PLs from apoA-I/POPC discs by incubating purified LDL
and apoA-I1/POPC discs for 6 and 24 h. However, we found
that PL concentrations were increased markedly in the
HDL fraction (data not shown) but only slightly in the LDL
fraction (Table 1). This discrepancy could be attributable
to the different incubation conditions: our incubation ex-
periments were performed in whole plasma rather than in
the purified LDL in their report (17).

Our results with NMR spectroscopy indicated that the
size of LDL was increased by an increase in large LDL
particles (Fig. 9). The increase in the size of LDL by apoA-
I/POPC discs was not attributable to the incubation of
plasma itself: we observed a decrease in the size of LDL
after the plasma from a volunteer subject (Fig. 1, subject 3)
was incubated at 37°C for 2 h in the absence of apoA-I/
POPC discs, as examined by electron microscopy (data not
shown). The increase in LDL size was also not the result of
an increase in cholesteryl ester by LCAT activity or lipid
transfer by CETP activity during the incubation of plasma,
because we consistently found an increase in the size
of LDL as examined by GGE after the plasma from
20 volunteer subjects with and without dyslipidemia was
incubated with apoA-I/POPC discs at a final apoA-I con-
centration of 0.83 mg/ml in the presence of an LCAT
inhibitor (DTNB; 2 mM) and a CETP inhibitor (JTT-705;
40 uM) (data not shown). Itis not clear how apoA-I/POPC
discs increase large LDL particles. We found that an
increase in the size of LDL by apoA-I/POPC discs in
20 volunteer subjects could not be explained by the chem-
ical composition of LDL; rather, it strongly depended on
the FC concentration in the HDL fraction as assessed by

1188 Journal of Lipid Research Volume 48, 2007

analysis of covariance (data not shown). It is possible that
particle fusion could have occurred to cause the drastic
changes in lipoprotein subfractions as characterized by
cITP, an increase in LDL size as determined by GGE,
electron microscopy, and NMR, and an increase in large
LDL particles as determined by NMR, because the process
was rapid: apparent changes in cITP lipoprotein subfrac-
tions were observed after only 15 min of incubation (data
not shown).

Our finding that apoA-I/POPC discs rapidly reduce the
cITP fLLDL subfraction suggests that apoA-I/POPC discs
could be an efficient way to decrease charge-modified LDL.
The increased cITP sLDL can be effectively reduced by
treatment with statins (27, 40). Because the cITP technique
is quick (separation is complete within minutes) and sen-
sitive (only a drop of plasma is required), it could be useful
for monitoring the effects of lipid-modifying therapy.

In conclusion, the novel findings of this study are
as follows: I) apoA-I/POPC discs rapidly remodeled cITP
vfLDL and fLDL into sLDL independent of LCAT or
CETP activity; 2) apoA-I/POPC discs reduced plasma
fLDL from different origins; and 3) the mechanism by
which apoA-I/POPC discs reduce cITP fLDL involves the
removal of FC and PAF-AH from sdLLDL subclasses to the
HDL fraction. Further investigations are needed to clarify
whether or not changes in the distribution of charge-based
LDL subfractions caused by apoA-I/POPC discs are re-
lated to clinical outcomes.HR

The authors thank Ms. Yuri Saito and Ms. Rieko Teruya for
assistance in performing cITP analysis and Dr. Junko Ono,
Mr. Hironobu Kawashima, and Ms. Sadako Harada for kind
support in measurements using the Hitachi autoanalyzer. The
authors are grateful to Dr. Jim Otvos for useful suggestions and
kind support for LDL size measurement. This work was sup-
ported by grants-in-aid from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan (Grants 18590826 and
18591009) and by research grants from the Central Research
Institute of Fukuoka University (Grant 026001; 2006) and the
National Institutes of Health (HL-28972 and HI-45522).

REFERENCES

1. Sanchez-Quesada, J. L., S. Benitez, and J. Ordonez-Llanos. 2004.
Electronegative low-density lipoprotein. Curr. Opin. Lipidol. 15:
329-335.

2. Benitez, S., J. L. Sanchez-Quesada, V. Ribas, O. Jorba, F.
Blanco-Vaca, F. Gonzalez-Sastre, and J. Ordonez-Llanos. 2003.
Platelet-activating factor acetylhydrolase is mainly associated with
electronegative low-density lipoprotein subfraction. Circulation.
108: 92-96.

3. De Castellarnau, C., J. L. Sanchez-Quesada, S. Benitez, R. Rosa, L.
Caveda, L. Vila, and J. Ordonez-Llanos. 2000. Electronegative LDL
from normolipemic subjects induces I1-8 and monocyte chemo-
tactic protein secretion by human endothelial cells. Arterioscler.
Thromb. Vasc. Biol. 20: 2281-2287.

4. Sanchez-Quesada, J. L., S. Benitez, C. Otal, M. Franco, F. Blanco-
Vaca, and J. Ordonez-Llanos. 2002. Density distribution of electro-
negative LDL in normolipemic and hyperlipemic subjects. J. Lipid
Res. 43: 699-705.

5. Bottcher, A., J. Schlosser, F. Kronenberg, H. Dieplinger, G.
Knipping, K. J. Lackner, and G. Schmitz. 2000. Preparative free-
solution isotachophoresis for separation of human plasma lipo-

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

proteins: apolipoprotein and lipid composition of HDL subfrac-
tions. J. Lipid Res. 41: 905-915.

. Schmitz, G., C. Mollers, and V. Richter. 1997. Analytical capillary

isotachophoresis of human serum lipoproteins. Electrophoresis. 18:
1807-1813.

. Zhang, B., T. Kaneshi, T. Ohta, and K. Saku. 2005. Relation

between insulin resistance and fast-migrating LDL subfraction
as characterized by capillary isotachophoresis. J. Lipid Res. 46:
2265-2277.

. Zhang, B., A. Bottcher, S. Imaizumi, K. Noda, G. Schmitz, and

K. Saku. 2006. Relation between charge-based apolipoprotein
B-containing lipoprotein subfractions and remnant-like particle
cholesterol levels. Atherosclerosis. 191: 153-161.

. Newton, R. S, and B. R. Krause. 2002. HDL therapy for the acute

treatment of atherosclerosis. Atheroscler. Suppl. 3: 31-38.

Nissen, S. E., T. Tsunoda, E. M. Tuzcu, P. Schoenhagen,
C. J. Cooper, M. Yasin, G. M. Eaton, M. A. Lauer, W. S. Sheldon,
C. L. Grines, et al. 2003. Effect of recombinant ApoA-I Milano
on coronary atherosclerosis in patients with acute coronary
syndromes: a randomized controlled trial. J. Am. Med. Assoc. 290:
2292-2300.

Spieker, L. E., I. Sudano, D. Hurlimann, P. G. Lerch, M. G. Lang,
C. Binggeli, R. Corti, F. Ruschitzka, T. F. Luscher, and G. Noll.
2002. High-density lipoprotein restores endothelial function in
hypercholesterolemic men. Circulation. 105: 1399-1402.

Wadham, C., N. Albanese, J. Roberts, L. Wang, C. J. Bagley, J. R.
Gamble, K. A. Rye, P. J. Barter, M. A. Vadas, and P. Xia. 2004. High-
density lipoproteins neutralize C-reactive protein proinflammatory
activity. Circulation. 109: 2116-2122.

Nanjee, M. N., J. E. Doran, P. G. Lerch, and N. E. Miller. 1999.
Acute effects of intravenous infusion of apoA-I/phosphatidylcho-
line discs on plasma lipoproteins in humans. Arterioscler. Thromb.
Vasc. Biol. 19: 979-989.

Chiesa, G., E. Monteggia, M. Marchesi, P. Lorenzon, M. Laucello,
V. Lorusso, C. Di Mario, E. Karvouni, R. S. Newton, C. L. Bisgaier,
etal. 2002. Recombinant apolipoprotein A-I(Milano) infusion into
rabbit carotid artery rapidly removes lipid from fatty streaks. Circ.
Res. 90: 974-980.

Zhang, B., S. I. Miura, P. Fan, K. Kumagai, K. Takeuchi, Y. Uehara,
M. McMahon, K. A. Rye, and K. Saku. 2005. ApoA-I/phosphatidyl-
choline discs remodel fast-migrating HDL into slow-migrating HDL
as characterized by capillary isotachophoresis. Atherosclerosis. 188:
95-101.

Koizumi, J., M. Kano, K. Okabayashi, A. Jadhav, and G. R.
Thompson. 1988. Behavior of human apolipoprotein A-I: phos-
pholipid and apoHDL:phospholipid complexes in vitro and after
injection into rabbits. J. Lipid Res. 29: 1405-1415.

Shahrokh, Z., and A. V. Nichols. 1985. Interaction of human-
plasma low-density lipoproteins with discoidal complexes of apo-
lipoprotein A-I and phosphatidylcholine, and characterization of
the interaction products. Biochim. Biophys. Acta. 837: 296-304.
Benitez, S., V. Villegas, C. Bancells, O. Jorba, F. Gonzalez-Sastre,
J. Ordonez-Llanos, and J. L. Sanchez-Quesada. 2004. Impaired
binding affinity of electronegative low-density lipoprotein (LDL)
to the LDL receptor is related to nonesterified fatty acids and
lysophosphatidylcholine content. Biochemistry. 43: 15863-15872.
Navab, M., S. Y. Hama, C. ]J. Cooke, G. M. Anantharamaiah,
M. Chaddha, L. Jin, G. Subbanagounder, K. F. Faull, S. T. Reddy,
N. E. Miller, et al. 2000. Normal high density lipoprotein inhibits
three steps in the formation of mildly oxidized low density lipo-
protein: step 1. . Lipid Res. 41: 1481-1494.

Sanchez-Quesada, J. L., M. Camacho, R. Anton, S. Benitez, L. Vila,
and J. Ordonez-Llanos. 2003. Electronegative LDL of FH subjects:
chemical characterization and induction of chemokine release
from human endothelial cells. Atherosclerosis. 166: 261-270.
Krauss, R. M., and D. J. Burke. 1982. Identification of multiple
subclasses of plasma low density lipoproteins in normal humans.
J- Lipid Res. 23: 97-104.

Zhang, B., P. Fan, E. Shimoji, H. Itabe, S. I. Miura, Y. Uehara,
A. Matsunaga, and K. Saku. 2006. Modulating effects of cholesterol
feeding and simvastatin treatment on platelet-activating factor
acetylhydrolase activity and lysophosphatidylcholine concentra-
tion. Atherosclerosis. 186: 291-301.

Zhang, B., P. Fan, E. Shimoji, H. Xu, K. Takeuchi, C. Bian, and
K. Saku. 2004. Inhibition of cholesteryl ester transfer protein
activity by JTT-705 increases apolipoprotein E-containing high-

24.

25.

26.

27.

28.

29.

31.

34.

35.
36.

37.

38.

39.

40.

ApoA-I/POPC discs remodel cITP LDL subfractions

density lipoprotein and favorably affects the function and en-
zyme composition of high-density lipoprotein in rabbits. Arterioscler.
Thromb. Vasc. Biol. 24: 1910-1915.

Matz, C. E., and A. Jonas. 1982. Micellar complexes of human
apolipoprotein A-I with phosphatidylcholines and cholesterol pre-
pared from cholate-lipid dispersions. J. Biol. Chem. 257: 4535-4540.
Rye, K. A., N. J. Hime, and P. ]J. Barter. 1997. Evidence that cho-
lesteryl ester transfer protein-mediated reductions in reconstituted
high density lipoprotein size involve particle fusion. J. Biol. Chem.
272: 3953-3960.

Nanjee, M. N,, C. J. Cooke, R. Garvin, F. Semeria, G. Lewis, W. L.
Olszewski, and N. E. Miller. 2001. Intravenous apoA-l/lecithin
discs increase pre-beta-HDL concentration in tissue fluid and stim-
ulate reverse cholesterol transport in humans. J. Lipid Res. 42:
1586-1593.

Zhang, B., K. Noda, and K. Saku. 2003. Effect of atorvastatin on
total lipid profiles assessed by analytical capillary isotachophoresis.
Cardiology. 99: 211-213.

Zhang, B., A. Matsunaga, K. Saku, S. Nakano, and T. Yamada. 2004.
Associations among plasma lipoprotein subfractions as charac-
terized by analytical capillary isotachophoresis, apolipoprotein E
phenotype, Alzheimer disease, and mild cognitive impairment.
Arterioscler. Thromb. Vasc. Biol. 24: e144—e146.

Zhang, B., H. Tomura, A. Kuwabara, T. Kimura, S. Miura, K. Noda,
F. Okajima, and K. Saku. 2005. Correlation of high density lipo-
protein (HDL)-associated sphingosine 1l-phosphate with serum
levels of HDL-cholesterol and apolipoproteins. Atherosclerosis. 178:
199-205.

. Zhang, B., N. Maeda, K. Okada, M. Tatsukawa, Y. Sawayama,

A. Matsunaga, K. Kumagai, S. I. Miura, T. Nagao, ]J. Hayashi,
et al. 2005. Association between fast-migrating low-density lipo-
protein subfraction as characterized by capillary isotachophoresis
and intima-media thickness of carotid artery. Atherosclerosis. 187:
291-301.

Zhang, B., P. Fan, E. Shimoji, H. Itabe, S. I. Miura, Y. Uehara, A.
Matsunaga, and K. Saku. 2006. Modulating effects of cholesterol
feeding and simvastatin treatment on platelet-activating factor
acetylhydrolase activity and lysophosphatidylcholine concentra-
tion. Atherosclerosis. 186: 291-301.

. Rainwater, D. L., L. J. Martin, and A. G. Comuzzie. 2001. Genetic

control of coordinated changes in HDL and LDL size phenotypes.
Arterioscler. Thromb. Vasc. Biol. 21: 1829-1833.

. Rainwater, D. L., P. H. Moore, Jr., and 1. O. Gamboa. 2004. Im-

proved method for making nondenaturing composite gradient gels
for the electrophoretic separation of lipoproteins. J. Lipid Res. 45:
773-T75.

Rainwater, D. L., P. H. Moore, Jr., W. R. Shelledy, T. D. Dyer, and
S. H. Slifer. 1997. Characterization of a composite gradient gel for
the electrophoretic separation of lipoproteins. J. Lipid Res. 38:
1261-1266.

Jeyarajah, E. J.,, W. C. Cromwell, and J. D. Otvos. 2006. Lipopro-
tein particle analysis by nuclear magnetic resonance spectroscopy.
Clin. Lab. Med. 26: 847-870.

SAS Procedures Guide, Version 6. 3™ edition. 1990. SAS Institute,
Inc., Cary, NC.

Benitez, S., M. Camacho, R. Arcelus, L. Vila, C. Bancells,
J. OrdonezLlanos, and J. L. Sanchez-Quesada. 2004. Increased
lysophosphatidylcholine and non-esterified fatty acid content in
LDL induces chemokine release in endothelial cells. Relationship
with electronegative LDL. Atherosclerosis. 177: 299-305.
Tsimihodimos, V., S. A. Karabina, A. P. Tambaki, E. Bairaktari,
G. Miltiadous, J. A. Goudevenos, M. A. Cariolou, M. J. Chapman,
A. D. Tselepis, and M. Elisaf. 2002. Altered distribution of platelet-
activating factor acetylhydrolase activity between LDL and HDL as
a function of the severity of hypercholesterolemia. J. Lipid Res. 43:
256-263.

McCall, M. R., M. La Belle, T. M. Forte, R. M. Krauss, Y. Takanami,
and D. L. Tribble. 1999. Dissociable and nondissociable forms of
platelet-activating factor acetylhydrolase in human plasma LDL:
implications for LDL oxidative susceptibility. Biochim. Biophys. Acta.
1437: 23-36.

Zhang, B., R. Katafuchi, H. Arishima, A. Matsunaga, K. A.
Rye, and K. Saku. 2006. Effects of atorvastatin and apoA-I/phospha-
tidylcholine discs on triglyceride-rich lipoprotein subfractions as
characterized by capillary isotachophoresis. Clin. Chim. Acta. 373:
55-56.

1189

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

