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A 20-mer phosphorothioate antisense oligodeoxyribonucleotide having locked nucleic acids (LNA-AON)
was used to reduce elevated serum triglyceride levels in mice. We repeatedly administered LNA~AON,
which targets murine apolipoprotein C-IIl mRNA, to high-fat-fed C57BI/6] male mice for 2 weeks. The
LNA-AON showed efficient dose-dependent reductions in hepatic apolipoprotein C-IIl mRNA and
decreased serum apolipoprotein C-III protein concentrations, along with efficient dose-dependent
reductions in serum triglyceride concentrations and attenuation of fat accumulation in the liver. Through
precise lipoprotein profiling analysis of sera, we found that serum reductions in triglyceride and
cholesterol levels were largely a result of decreased serum very low-density lipoprotein (VLDL)-
triglycerides and -cholesterol. It is noteworthy that larger VLDL particles were more susceptible to
removal from blood than smaller particles, resulting in a shift in particle size distribution to smaller
diameters. Histopathologically, fatty changes were markedly reduced in antisense-treated mice, while
moderate granular degeneration was frequently seen the highest dose of LNA-AON. The observed
granular degeneration of hepatocytes may be associated with moderate elevation in the levels of serum
transaminases. In conclusion, we developed an LNA-based selective inhibitor of apolipoprotein C-IIL
Although it remains necessary to eliminate its potential hepatotoxicity, the present LNA-AON will be

helpful for further elucidating the molecular biology of apolipoprotein C-III.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Apolipoprotein C-III (apoC-III) is synthesized mainly in the liver
and circulates in plasma (Bruns et al., 1984). The mechanism of
apoC-1ll action is primarily thought to be the attenuation of
hydrolysis of triglycerides in lipoproteins, principally by inhibiting
capillary endothelial lipoprotein lipase activity. Thus, serum
accumulation of apoC-Ill would cause reduced clearance of
triglyceride-rich lipoprotein particles from blood, resulting in the
blood accumulation of triglyceride-rich lipoproteins (Havel et al.,
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1973; Wang et al., 1985). ApoC-III is also known to reduce the
clearance of triglyceride-rich lipoproteins and their remnants by
blocking apolipoprotein B- or apolipoprotein E-mediated uptake of
these lipoproteins to low-density lipoprotein (LDL) receptor
(Clavey et al, 1995; Sehayek and Eisenberg, 1991). As growing
evidence has shown that elevated plasma triglyceride levels are
major risk factors for metabolic syndrome, type 2 diabetes and
cardiovascular diseases, apoC-lIl is a potential therapeutic target
for these diseases (Goldberg, 2001; Grundy et al., 2004; Hokanson
and Austin, 1996; Sarwar et al, 2007). This notion is also
supported by the observation that humans with a null mutation
in APOC3 gene show lower fasting and postprandial serum
triglycerides and LDL cholesterol and higher high-density lipopro-
tein (HDL) cholesterol levels, as well as reduced coronary artery
calcification, as compared to humans with normal apoC-lII activity
(Pollin et al., 2008), while some specific single-nucleotide poly-
morphism carriers in APOC3 show increased plasma triglyceride
levels and evidence of non-alcoholic fatty liver, in addition to
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elevated cardiovascular disease risk (Petersen et al, 2010). A
number of studies using genetically engineered mouse models
have also revealed the dyslipidemic or atherogenic effects of apoC-
[l (Gerritsen et al, 2005; Ito et al, 1990; Jong et al, 2001;
Takahashi et al., 2003). In addition, attenuation of apoC-lil has
been shown to be beneficial for type I diabetes (Holmberg et al,,
2011; Juntti-Berggren et al., 1993, 2004). Thus, the privation of
apoC-III would lead to significant benefits, both indirectly and
directly, in the reduction of cardiovascular disease risk (Ooi et al,,
2008; Pollin et al., 2008).

There are currently several state-of-the-art gene silencing
approaches available for target-specific disruption, such as anti-
sense oligonucleotides (AONs), monoclonal antibodies and small
interfering RNAs (siRNAs), which are showing promising results,
particularly in dyslipidemia therapy (Norata et al,, 2013). Graham
et al. (2013) recently reported successful attenuation of apoC-III
mRNA and plasma triglyceride levels in preclinical models and
humans by using antisense oligonucleotides chemically modified
with 2/-O-methoxyethyl RNAs, which are known to preferentially
distribute to the liver, where apoC-III is synthesized (Graham et al,,
2013). Our group has developed a series of conformationally
constrained nucleic acids including 2’4’-bridged nucleic acids
(2,4-BNAs), which are also known as locked nucleic acids (LNAs)
(Mitsuoka et al., 2009; Miyashita et al., 2007; Obika et al,, 1997;
Yahara et al., 2012). This class of modified nucleotides has been
found to have superior potential for antisense therapeutics on
account of their extraordinarily high mRNA binding, as well as
systemic effects over 2’-0O-methoxyethyl RNAs (Gupta et al., 2010;
Lanford et al, 2010; Lindholm et al, 2012; Prakash et al., 2010;
Seth et al., 2009; Yamamoto et al., 2012). Specifically, the in vivo
potencies of LNA-based AONs are generally 5 to 10-fold greater
than their 2'-O-methoxyethyl RNA-containing counterparts
(Prakash et al, 2010; Seth et al., 2009). Thus, LNA-based anti-

apoC-lll AONs are expected to be better alternatives to 2'-O-

methoxyethyl RNA-containing congeners. We here demonstrated
the effective reduction in elevated serum triglyceride levels in
mice using LNA-based AONs targeting hepatic apoC-III mRNA.

2. Materials and methods
2.1. Antisense oligonucleotides

LNA was partially incorporated into a 20-mer phosphor-
othioated oligodeoxyribonucleotide. We prepared two potential
AONSs, A301S (5'-tcttatccagetttattagg-3') and A301SL (5'-TCtTaTC-
cagcttTaTTaGg-3'), in which lowercase and uppercase letters
represent DNA and LNA, respectively. These AONs have an iden-
tical sequence targeting murine apoC-lll mRNA, a sequence
patented by ISIS pharmaceuticals as being highly potent (Crooke
et al.,, 2009). These modified AONs were synthesized and provided
by Gene Design (Osaka, Japan). Syntheses were conducted using
standard phosphoramidite procedures, and products were care-
fully processed under aseptic conditions and purified. All products
were endotoxin-free and contained low levels of residual salts for
in vivo usage.

2.2. In vivo pharmacological experiments

All animal procedures were performed in accordance with the
guidelines of the Animal Care Ethics Committee of the National
Cerebral and Cardiovascular Center Research Institute (Osaka,
Japan). All animal studies were approved by the Institutional
Review Board. C57BL/6] mice were obtained from CLEA Japan
(Tokyo, Japan). All mice were male, and studies were initiated
when animals were aged 6-8 weeks. Mice were maintained on a

12-h light/12-h dark cycle and fed ad libitum. Mice were fed
normal chow (CE-2; CLEA Japan) or Western diet (F2WTD:;
Oriental Yeast, Tokyo, Japan) for 2 weeks before the first treatment
and throughout the experimental period. Mice received multiple
treatments with AONs administered intraperitoneally at doses of
10 and 20 mg/kg/injection. Peripheral blood was collected from
the tail vein in BD Microtainers (BD, Franklin Lakes, NJ) for
separation of serum. At the time of sacrifice, livers were harvested
and snap frozen until subsequent analysis. Collected blood was
subjected to serum separation for subsequent analysis.

2.3. High performance liquid chromatography analysis of serum

The cholesterol and triglyceride profiles of serum lipoproteins
were analyzed using a dual detection high performance liquid
chromatography (HPLC). system with two tandem connected
TSKgel LipopropakXL columns (300 mm x 7.8 mm; Tosoh, Tokyo,
Japan), in accordance with the methods provided by Skylight
Biotech (Akita, Japan). Individual subfractions were quantified by
best curve fitting analysis, assuming that the. particle sizes
of all subfractions followed a Gaussian distribution. Particle sizes
for individual subfractions were previously determined as 44.5-
64 nm (large VLDL), 36.8 nm (medium VLDL), 31.3 nm (small
VLDL), 28.6 nm (large LDL), 25.5 nm (medium LDL), 23 nm (small
LDL), 16.7-20.7 nm (very small LDL), 13.5-15 nm (very large HDL),
12.1 nm (large HDL), 10.9 nm (medium HDL), 9.8 nm (small HDL)
and 7.6-8.8 nm (very small HDL) (Okazaki et al., 2005; Usui et al.,
2002).

2.4, mRNA quantification

Total RNA was isolated from cultured cells or mouse liver
tissues using TRIzol Reagent (Life Technologies Japan, Tokyo,
Japan) according to the manufacturer's protocols. Gene expression
was evaluated by 2-step quantitative reverse transcription PCR
(RT-PCR)." Reverse-transcription of RNA samples was performed
using a High Capacity cDNA Reverse-Transcription Kit (Life Tech-
nologies Japan, Tokyo, Japan), and quantitative PCR was perfor-
med by TagMan Gene Expression Assay (Life Technologies Japan,
Tokyo, Japan). mRNA levels of target genes were normalized against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels.
The following primer sets were used for quantitative PCR: for assay
1D, Mm00445670_m1 (apoc3) and Mm99999915_m1 (gapdh).

2.5. Western blotting analysis

Serum was diluted with buffer (150 mM NaCl, 1.0% IGEPAL®
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0,
20 x Complete Mini protease inhibitor cocktail 1:20 (Roche, India-
napolis, IN)) and total protein concentrations were measured with
a detergent compatible assay kit (Bio-Rad, Hercules, CA). Solutions
were subjected to electrophoresis on 16% Tris-glycine gels (Life
Technologies Japan, Tokyo, Japan) at 180V for 30 min, and were
transferred to a PVDF membrane (Bio-Rad). Apo-Cill Western
blotting was performed at room temperature for 1h with an
anti-apo-ClII antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
at 200 mV for 120 min. Membranes were washed three times with
PBS containing 0.3% Tween20. Blots were labeled with horseradish
peroxidase-conjugated secondary goat anti-rabbit antibody (Santa
Cruz Biotechnology, Santa Cruz; CA). Chemiluminescent detection
was performed using an ECL prime Western blot detection kit
(Amersham Biosciences, Buckinghamshire, UK), and bands were
visualized using an LAS-4000. mini image analyzer (Fuji Film,
Tokyo, Japan). '
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2.6. Serum chemistry and histopathology

Blood collected from the inferior vena cava upon sacrifice was
subjected to serum chemistry. Assay kits (Wako, Osaka, Japan)
were used to measure serum levels of aspartate aminotransferase,
ALT, blood urea nitrogen and creatinine, which are biomarkers for
hepatic and kidney toxicity. Formalin-fixed liver and kidney
samples (#064-00406; Wako) were embedded in Histsec (Merck,
Darmstadt, Germany), sliced at 5 um using a microtome (Leica
Microsystems, Wetzlar, Germany) and stained with Carrazzi's
hematoxylin and Tissue-Tek eosin solutions (Sakura Finetek USA,
Torrance, CA) for histopathological examination. Frozen liver
tissues were placed in Tissue-Tek Intermediate cryomolds
(#4566; Sakura Finetek USA) filled with precooled Tissue-Tek O.
T.C embedding compound (#4583; Sakura Finetek USA) and flash-
frozen by immersion in liquid nitrogen. Samples were sliced at
5 um using a Leica CM1850 (Model 1850-11-1; Leica Biosystems,
Wetzlar, Germany) and were air-dried for an hour. The resulting
sections were rinsed with distilled water for 30s and 60% 2-
propanol (#03065-35; Nakarai Tesque, Kyoto, Japan) for 60 s. Oil
Red O staining stock solution was prepared by dissolving 0.3 g of
Oil Red O dye (#154-02072; Wako) in 100 mL of 2-propanol with
gentle overnight incubation at 60 °C. Then, 30 mL of stock solution
was diluted with 20 mL of distilled water to give a working
solution. Samples were stained with this working solution at
37 °C for 15 min, rinsed with 60% 2-propanol and distilled water,
and stained with hematoxylin (Gill's Formula) (#H-3401; Vector,
Burlingame, CA) solution (25% in PBS) for 2 min at room tempera-
ture for histological analysis.

2.7. Statistical analysis

Pharmacological studies were performed with 4-9 mice per
treatment group. All data are expressed as means -+ SD. P < 0.05
was considered to be statistically significant in all cases. Statistical
comparisons of results were performed by Dunnett's multiple
comparison tests.

3. Results

3.1. Design and physicochemical properties of anti-apoC-II
LNA-AON

We first designed AONs targeting apoC-lll carrying LNAs
(A301SL). We placed nine LNAs in the strand, keeping a six
natural-nucleotide gap, which is thought to be sufficient for the
introduction of RNase H-mediated scission of the mRNA strand
(Yamamoto et al., 2012). At the same time, we prepared a
corresponding conventional phosphorothioate AON designated
A301S (Table 1). A301SL, A301S and 2’-O-methoxyethyl RNA-
based apoC-Ill AON, reported previously by Graham et al. (2013),
possess the phosphorothioate backbone, but they have different
target sequences. As introduction of 2’-O-methoxyethyl RNAs into
conventional phosphorothioate AONs moderately improves mRNA

Table 1
Antisense oligonucleotides used in this study.
Sequence ID Sequence?® T (°C)
1 A301S 5'-tcttatccagctttattagg-3’ 48
2 A301SL 5/-TCtTaTCcagcttTaTTaGg-3" 79

2 Oligonucleotides with LNA (upper case letters) and DNA (lower case letters).
All inter nucleotide linkages are phosphorothioated. Melting temperatures (Ty,)
of 1:1 mixtures of A301S and complementary RNA or A301SL and comple-
mentary RNA.

binding and in vivo antisense potency, A301S is speculated to have
weaker potential than 2’-0O-methoxyethyl RNA-based AON. Ideally,
the potency and toxicity characteristics of A301SL should be
compared with those of a corresponding 2/-O-methoxyethyl
RNA-containing counterpart; however, as we were unable to
obtain their phosphoroamidites, we herein utilized A301S as a
non-LNA control. Note that the sequence, length and composition
of AONs have not been fully optimized. A thermal melting study
was carried out and Ty, values of A301SL and A301S with their
complementary RNA strands were determined. As expected,
A301SL showed excellent target affinity when compared with
conventional phosphorothioate AON (Table 1).

3.2. Hepatic reduction of apoC-lIl mRNA expression after systemic
administration of LNA-AON

In order to assess the mRNA silencing potency of AONs, we
repeatedly administered A301SL and A301S to C57BI/6] male mice.
After feeding G-week-old male C57Bl/6] mice a high-fat diet for
2 weeks, mice were subjected to intraperitoneal (i.p.) injection of
naked AON at a dosage of 10 and 20 mg/kg/injection five times
over 2 weeks. Peripheral blood sampling was performed on day
0 just before the first injection, and on days 8 and 16 post-dose
under feed-deprived condition for lipid component analysis and
toxicity evaluation. Mice were dissected and their livers were
harvested for measurement of gene expression on day 16 post-
injection. As shown in Fig. 1, a significant dose-dependent
decrease in hepatic apoC-lIll mRNA levels was only observed in
A301SL-treated arms. A301SL suppressed hepatic apoC-IIl mRNA
expression by ~29% and ~72% on average at a dosage of 10 and
20 mg/kg respectively, while A301S failed to achieve any reduction
in apoC-lll mRNA in the liver, even at the higher dose.

3.3. Serum reduction of apoC-lil protein after systemic
administration of LNA-AON

Changes in serum apoC-Ill protein concentration were con-
firmed by Western blot analysis. Although the quantitative capa-
city of Western blot analysis is very limited, we found that A301SL
removed about half of apoC-1ll protein from sera at a dosage of
20 mg/kg on day 16, while A301S showed no significant reductions
in apoC-III protein levels, which is consistent with the changes in
hepatic apoC-IlI mRNA expression levels (Fig. 2). Collectively, we

1.4 1
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0.8 A
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Relative apoC-IIT mRNA Ievels

0.2 ]
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Fig. 1. Hepatic apoC-IIl mRNA silencing effects of A301SL and A301S. Western diet-
fed mice received intraperitoneal administration of these two AONs at 10 or 20 mg/
kg five times over 16 days. Relative hepatic apoC-Illl mRNA expression levels were
determined by means of two-step real-time RT-PCR, and there was a signifi-
cant reduction in A301SL-treated arms (Dunnett's multiple comparison test,
***P < 0.001, **P < 0.01, *P < 0.05, N.S.; not significant). Error bars represent group
means+ SD.
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Fig. 2. Effects of A301SL and A301S on serum apoC-IIl protein levels. Western diet-
fed mice received i.p. administration of these two AONs at 20 mg/kg for five times
over 16 days. After completion of dosing, reductions in apoC-lll protein level in
serum were investigated by Western blotting. (a) Representative images of the
membrane, and (b) there was a significant reduction in A301SL-treated arms
(Dunnett's multiple comparison test, ***P <0.001, **P<0.01, *P < 0.05, N.S.; not
significant). Error bars represent group means 4 S.D.
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Fig. 3. Effects on serum triglyceride levels over time. Western diet-fed mice
received intraperitoneal administration of two AONs, A301SL at 10 and 20 mg/
kgfinjection and A301S at 20 mg/kg/injection five times over 16 days. On days 0,
8 and 16, blood samples were collected from tail vein and total triglyceride levels
were measured. Dose-dependent reductions were observed in A301SL groups, and
delayed reductions were seen in the A301S-treated arm. Error bars represent group
means + S.D. Arrows indicate the date of administration.

successfully showed that the LNA-AON designed here is a poten-
tial inhibitor of apoC-III expression in vivo.

3.4. Serum changes in triglyceride-rich lipoprotein particles
concentrations after systemic administration of LNA~AON

To confirm the ability of LNA-AON to modify serum lipids, we
assessed the changes in triglyceride contents in fasting peripheral
blood collected on days 0, 8 and 16 post-injection. As shown in
Fig. 3, A301SL was confirmed to reduce serum total triglyceride
concentration dose-dependently and more efficiently when com-
pared to A301S. Total serum triglyceride levels with a 20 mg/kg/
injection of A301SL were reduced by ~56% and ~87% over time,
as compared to saline-treated controls, whereas A301S reduced
total serum triglyceride levels by ~54% on day 16. We further
conducted HPLC analysis of sera collected on day 8 to determine

Table 2
Serum lipoprotein profiles of hypertriglyceridemic mice on day 8.
) 20 mgfkg
Saline A301SL A301S
Triglyceride [mg/dL]
Total TG 549+ 13.0 221+5.7° 515131
Chylomicron 09405 02+01° 05+02
Large VLDL 303+99 524232 241472
Medium VLDL 108+ 1.7 49+15% 104 +25
Small VLDL 29403 2.0+0.5° 31+06
Large LDL 34403 27+07 40+038
Medium LDL 25402 23+06 34+08
Small LDL 14+02 13+04 19+04
Very small LDL 11+0.2 1.0+03 1.3+03
Very large HDL 0.28 4 0.06 0.19:+0.05 0.29+0.08
Large HDL 0.26 + 0.04 0.27 +£0.11 0.344:0.09
Medium HDL 0.24 +0.04 0.49+0.28 0.48 +0.18
Small HDL 0.11 + 0.01 0.59 + 0.40° 0.48 +0.23
Very small HDL 0.74 & 0.09 117 + 043 113 +0.21
Cholesterol [mg/dL]

TC 1334+ 156 109.5 + 11.7* 12514+ 149
Chylomicron 0.13 + 0.05 0.04 +0.022 0.07 +0.02°
Large VLDL 63418 13+ 05 3.9+072
Medium VLDL 47409 2.6 +0.6% 29+04%
Small VLDL 3.0+£05 2.7+08 24404
Large LDL 50+0.6 50+14 48+07
Medium LDL 49+0.6 52+16 59+08
Small LDL 34+04 36+11 44+0.7
Very small LDL 61+23 56420 11.7 +£3.8°
Very large HDL 75+23 72423 91+17
Large HDL 321452 279+33 29.4+33
Medium HDL 353+34 286+ 117 29.9432°
Small HDL 157+10 1214022 125+17°
Very small HDL 91+08 7.6 £0.5° 80+10

TG; triglyceride, TC; total cholesterol. Data are means + S.D.

2 P<0.001 vs. saline group.
b P<0.01 vs. saline group.
€ P<0.05 vs. saline group.

the precise serum lipid profile. HPLC analysis revealed that
A301SL markedly reduced VLDL-triglycerides, and larger VLDL-
triglycerides were preferentially removed (Table 2). Moreover,
substantial reductions in VLDL- and HDL-cholesterol were also
observed in the A301SL-treated arm, and a much milder but
similar trend was seen in the A301S-treated arm. These trends
were particularly evident on day 16 (Fig. 4), and are consistent
with the slight but not significant reductions in hepatic apoC-IiI
mRNA and serum apoC-III protein levels, as shown in Figs. 1 and 2
on day 16.

3.5. Histopathological analysis of murine liver and kidneys

Pharmacological and toxicological characteristics of A301SL
upon dosing were estimated by histopathological analysis.- While
all individuals in the saline group showed fat accumulation in the
liver, induced by the Western diet, no such findings were observed
in the A301S- and A301SL-treated arms (Fig.'5 and Table 3). We
further visualized and compared fat drops in the livers by direct
lipid staining with Oil Red O. As shown in Fig. 5, LNA-AON
markedly reduced hepatic fat accumulation. Histopathologically,
no severe cellular damage was noted, even at the highest doses in
the centrilobular and perilobular hepatocytes, which were fre-
quently seen after toxicological insult. On the other hand, moder-
ate granulomas and granular degeneration were observed in the
liver, Serum chemistry profiles showed slight increases in serum
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Fig. 4. Representative HPLC lipoprotein profiles of western diet-fed C57BL/6] mice
received intraperitoneal administration of saline (dashed line), A301SL (solid line)
at 20 mg/kg/injection or A301S (dotted line) at 20 mg/kgfinjection five times over
16 days. Five saline-, A301SL- and A301S-treated mice were analyzed and the
data from one representative individual mouse were presented. Corresponding
(a) triglyceride and (b) cholesterol profiles were obtained from one identical mouse
in each arm.

transarninases and slight decreases in blood urea nitrogen (Table 4).
Elevations in transaminases may be due to the granular degenera-
tion of hepatocytes. There were no significant changes in serum
creatinine levels in each group.

4. Discussion

We have scarcely obtained selective inhibitors of apoC-III,
which is thought to be a potential drug for the treatment of
dyslipidemia, diabetes and cardiovascular diseases, as well as a
useful tool for elucidation of the physiological roles of apoC-IIl. To
develop a selective inhibitor of apoC-lIll, we designed an LNA-
based 20-mer phosphorothioated AON (A301SL), in which LNAs
are expected to greatly help with the target binding for the usage
in vivo. As expected, A301SL achieved efficient dose-dependent
reductions in hepatic apoC-IIl mRNA and decreased serum apoC-III
protein concentration, which could be associated with the obser-
vation of efficient dose-dependent reductions in serum triglycer-
ide concentration and attenuation of fat in the liver. One limitation
is that serum change of apoC-IlI protein was here confirmed by
semiquantitative Western blot analysis. For further study, we moved
onto a precise lipoprotein profiling analysis of sera using HPLC
methodology. Through this analysis, we found that serum reduc-
tions in triglycerides and cholesterol levels were largely a result of
decreases in VLDL-triglycerides and VLDL-cholesterol from sera. It
is also noteworthy that larger-sized VLDL was more susceptible to
removal from blood, resulting in a shift of particle size distribution
to smaller diameters (Table 2 and Fig. 4). Generally, large
triglyceride-rich VLDL-1 are preferentially converted into athero-
genic small, dense LDL, through a process mediated principally by
cholesteryl ester transfer protein, lipoprotein lipase and hepatic

lipase (Millar and Packard, 1998). Lipoprotein lipase activity is
known to be modified by apoC-lIll protein and lipoprotein lipase
preferentially hydrolyzes larger triglycerides-rich VLDL subfrac-
tions than smaller particles (Fisher et al., 1995). Thus, preferential
removal of triglycerides from larger VLDL particles observed here
can be explained as a result of derepression of lipoprotein lipase
activity via successful silencing of apoC-IlI with LNA-AON. Com-
bined with previous observations that, among triglycerides-rich
lipoprotein subfractions in combined hyperlipidemia patients such
as type IIb, VLDL-1 has the highest potential to induce accumula-
tion of triglycerides and cholesterol in macrophages and foam cell
formation (Milosavljevic et al,, 2001), selective apoC-IIl inhibitors
would possibly show anti-atherogenic phenotype.

Both apoC-llI-null subjects and apoC-llI-deficient mice gener-
ally possess reduced plasma total cholesterol levels, as well as total
triglycerides, when compared to those of normal controls
(Gerritsen . et al., 2005; Jong et al, 2001; Pollin et al, 2008;
Takahashi et al., 2003). We also observed a 33% reduction in total
cholesterol levels along with apoC-Ill attenuation by the LNA-
AON. This decrease in plasma cholesterol levels was reflected in
both apolipoprotein B-containing and HDL fractions (Table 2 and
Fig. 4). However, the mechanistic background for the reduction of
plasma cholesterol upon apoC-llI attenuation is controversial. A
previous study showed that apoC-Ill deficiency in apolipoprotein
E-knockout mice accelerated the kinetics of uptake of cholesterol
ester, which is related to the function of hepatic lipase (Jong et al,,
2001). In addition, hepatic lipase transgenic rabbits and hepatic
lipase transgenic and adenovirus-transduced mice were reported
to reduce plasma triglycerides and apolipoprotein B-containing
lipoprotein cholesterols as well as HDL cholesterol (Applebaum-
Bowden et al., 1996; Busch et al,, 1994; Dichek et al.,, 1998; Fan
et al, 1994). As our findings are in line with these previous
observations, we speculate that activation of hepatic lipase result-
ing from apoC-lII attenuation by the LNA-AON caused a reduction
in plasma cholesterol levels. In contrast, Old Order Amish indivi-
duals with an APOC3-null mutation have higher plasma HDL
cholesterol concentrations, as well as lower levels of triglycerides
and non-HDL cholesterol than those of normal subjects (Pollin
et al,, 2008). In addition, knockout effects of apoC-lll on plasma
cholesterol levels also vary between genetic backgrounds of mice
and experimental conditions (Jong et al., 2001; Takahashi et al,,
2003). There are only a small number of reports focusing on the
relationship between cholesterol metabolism and apoC-IlI
(Kinnunen and Ehnholm, 1976). To determine the true effects of
apoC-lll modulation on cholesterol metabolism, further experi-
mental data is necessary.

The toxicological characteristics of A301SL and A301S were
estimated based on serum biochemistry characteristics and histo-
pathological analysis. As phosphorothioated AONs accumulate
mainly in the kidney and liver, hepatotoxicity and/or nephrotoxi-
city are primary concerns. Our experiments found only moderate
hepatotoxicity for A301SL and A301S, as shown in the moderate
increases in liver transaminases and decreases in blood urea
nitrogen, while no significant changes in serum creatinine levels
were noted. Histopathological observations supported these data
(Fig. 5, Tables 3 and 4). Similar hepatotoxicity attributable to LNA-
modified phosphorothioated AONs, which was avoidable by sub-
stituting 2/,4'-BNAN® chemistry for LNA, has been reported
(Prakash et al., 2010; Yamamoto et al., 2012). Dose-related hepa-
totoxicity could be tolerable based on the systemic AON recently
approved by the US Food and Drug Administration (FDA) named
“Kynamro”, which also shows serum elevation of transaminases,
specifically alanine aminotransferase (ALT) (http://www.kynamro.
com/). However, it is necessary to determine how AONs trigger
toxicity in order to resolve this issue (Levin, 1999). Therefore, we
further conducted Oil Red O staining of liver samples. The results
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Fig. 5. Representative histopathological changes in livers and kidneys subjected to 16 days of saline (left) and A301SL (right) dosing were assessed by H&E or Oil Red O
staining ( x 200 magnification). Peripheral fatty changes were observed in the liver of the saline-treated mice (top and bottom), while periportal granular degeneration were
seen in the highest dose of A301SL-treated mice with complete loss of fatty changes (top). No significant changes were observed in kidneys (middle).

Table 3 Table 4
Histopathological findings. Effects on serum chemistry.
Saline A301SL A301S AST (IU/L) ALT (IU/L)  BUN (mg/dL) Cre (mg/dL)
Dose - 10mg/ 20mg/ 20mg/ Saline 176+ 2.8 91+32 297+64 0.2+0.05
kg kg kg A301SL 10 mg/kg 225+4.6 20+92° 301+4 0.1 +0.05
Number of mice examined- 9 4 5 5 20mg/kg 4424+13.8° 145+33 204+33° 0.1+ 0.00
A301S 20mg/kg 2242 75+09 184+26° 0.1+0.00
Organ Liver Findings
Normal 0 3 0 2 AST; aspartate aminotransferase, ALT; alanine aminotransferase, BUN; blood urea
Fatty change, periportal 9 0 0 0 nitrogen, Cre; serum creatinine. Data are presented as means + S.D.
Granuloma 0 1 1 2 2P < 0.001, °P < 0.05 vs. saline group.
‘Granular degeneration, 0 0 5 0 b P<0.01 vs. saline group.
periportal
Kidney(s)
Normal 9 5 5 4
Hemorrhage °o 0 0 ! A301SL-treated arms (Fig. 5), which is presumably an on-target-

based pharmacological effect.

In conclusion, we successfully developed an anti-apoC-III'LNA-
AON. Although this selective apoC-III inhibitor of A301SL shows
improved potency and safety, it will nevertheless be of help to
showed that our AON does not induce steatosis, which is a typical further elucidate the molecular biology and molecular physiology
feature of drug-induced hepatotoxicity (Begriche et al, 2011). of apoC-lIl that other non-selective inhibitors of apoC-IIl and have
Instead, we observed drastic regression of steatohepatitis in failed to reveal.

All lesions showed a moderate grade.
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Abstract: Low-density lipoprotein apheresis (LDL-A)
treatment has been shown to decrease serum LDL choles-
terol levels and prevent cardiovascular events in
homozygous patients with familial hypercholesterolemia.
Recently, LDL-A treatment has been suggested to have
beneficial effects beyond the removal of LDL particles. In
this study, to clarify the preventive effects of LDL-A treat-
ment on atherosclerosis, the waste fluid from the adsorption
columns was analyzed. The waste fluid of LDL adsorption
columns was analyzed by two-dimensional electrophoresis
followed by mass spectrometry. Serum concentrations of the
newly identified proteins before and after LDL-A treatment
were measured by enzyme-linked immunosorbent assay. We
identified 48 kinds of proteins in the waste fluid of LDL
adsorption columus,including coagulation factors, thrombo-
genic factors, complement factors, inflammatory factors and
adhesion molecules. In addition to the proteins that were

reported to be removed by LDL-A treatment, we newly
identified several proteins that have some significant rolesin
the development of atherosclerosis, including vitronectin
and apolipoprotein C-III (Apo C-III). The serum levels of
vitronectin and Apo C-11I decreased by 82.4% and 54.8%,
respectively, after a single LDL-A treatment. While Apo
C-IIT was removed with very low-density lipoprotein
(VLDL) and LDL, vitronectin was removed without asso-
ciation with lipoproteins. The removal of proteins observed
in the waste fluid has a certain impact on their serum levels,
and this may be related to the efficacy of LDL-A treatment.
Proteomic analysis of the waste fluid of LDL adsorption
columns may provide a rational means of assessing the
effects of LDL-A treatment. Key Words: Apolipoprotein
C-III, Low-density lipoprotein apheresis, Proteomic analy-
sis, Vitronectin.

Familial hypercholesterolemia (FH) is an
autosomal-dominant inherited disorder resulting
from genetic mutation in the molecules related to
low-density lipoprotein receptor (LDLR) pathways
(1). Homozygous FH patients show severe symptoms
of atherosclerosis such as coronary artery disease
(CAD) and valvular heart disease at a young age due
to their extremely high levels of serum LDL-
cholesterol (LDL-C) from birth (2). Because drugs
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that act via the upregulation of LDLR activity are
not effective in homozygous patients with FH, several
attempts have been made to reduce their LDL-C
levels and to prevent atherosclerosis. DeGenne et al.
conducted plasma exchange (PE) in homozygous
FH patients in 1967 (3), and in 1975 Thompson et al.
reported the LDL-C-reducing effects of PE on the
alleviation of angina pain with the improvement of
coronary artery stenosis (4). Subsequently, attempts
to remove LDL in more selective ways have been
made by using a special double-filtration plasmapher-
esis (DFPP) method termed thermofiltration (5-7)
and an LDL adsorption column (8,9). Collectively,
these two methods have been called LDL-apheresis
(LDL-A). The use of LDL adsorption columns in
particular is selective for LDL removal (8); these
columns have been shown to be effective not only for
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homozygous FH patients but also for severe hetero-
zygous FH patients, as well as for atherosclerotic
diseases including arteriosclerosis obliterans (ASO)
(10). Although there have been no randomized con-
trolled studies, Mabuchi et al. and Nishimura et al.
reported that LDL-A treatment had more beneficial
effects, including the prevention of cardiac events
and the inhibition of coronary stenosis, compared to
treatment with a maximal dose of statins in hetero-
zygous FH patients (11,12).

After the launch of strong statins such as atorvas-
tatin, pitavastatin, and rosuvastatin, some patients
on LDL-A treatment withdrew from the therapy
because of the high medical costs. However, several
patients who withdrew from LDL-A treatment later
died of cardiac events, though their serum lipid
levels were controlled by a maximal dose of a strong
statin at the same level as under LDL-A treatment,
as reported by studies from the National Cerebral
and Cardiovascular Center and Kanazawa University
(13,14). These results suggest that LDL-A treatment
can prevent cardiovascular events by removing a
series of proteins and substances from the blood
in addition to apolipoprotein B (Apo B)-containing
lipoproteins. LDL-A treatment using an adsorption
column has been reported to reduce Lp(a), fibrino-
gen; coagulation factors II, V, VII, VIII, X, XI,
and XII, serotonin; C-reactive protein (CRP), and
amyloid proteins (15,16); while LDL-A treatment
using DFPP has been reported to reduce fibrinogen,
Lp(a), C3, C4, ap-macroglobulin, and immunoglobu-
lins (17). These studies were conducted by measur-
ing the target molecules before and after LDL-A
treatment. On the basis of the hypothesis that the
adsorption column removed atherosclerosis-related
proteins other than lipoprotein-binding proteins or
positively charged proteins, proteomic analysis of the
waste fluid was performed. Edwards et al. reported
that proteomics has the potential to reveal proteins
that are associated with pathogenesis, by providing a
greater understanding of information flow in patho-
genic situations (18). Proteomics has been used for
analysis of the waste fluid of LDL-A treatment by

DFPP, direct adsorption of lipoproteins (DALI), and
heparin-mediated extracorporeal LDL precipitation
(HELP) (19). However, it has not been applied to
analysis of the waste fluid of the dextran sulfate
column, which is a major treatment in Japan. In this
study, we analyzed stepwise-eluted fluid from LDL
adsorption columns by a proteomics approach to
identify the proteins removed by the LDL-A treat-
ment and, in turn, to present a possible mechanism
underlying the preventive effects of LDL-A treat-
ment on atherosclerosis.

PATIENTS AND METHODS

Patients and LDL-A freatment

The subjects were four FH patients, including
one homozygous and three heterozygous patients,
who were on regular LDL-A treatment. For LDL-A
treatment, MA-03 (Kaneka, Osaka, Japan) and LDL
adsorption columns (Liposorber LA-15; Kaneka)
were used. The patients’ backgrounds are shown in
Table 1. All the patients used heparin for anticoagu-
lation for LDL-A treatment, and the treated plasma
volumes are shown in Table 1. Each patient gave
written informed consent to participate in the study,
and the study protocol was endorsed by the ethics
committee of the National Cerebral and Cardiovas-
cular Center (approval No. M20-26).

Serological investigation

Blood was collected from the blood removal line
immediately before and after LDL-A treatment to
determine changes in the levels of lipids, lipoprotein
fractions, hematological values, electrolytes, serum
proteins, and so on. Vitronectin was determined
by the sandwich ELISA method (Human Total Vit-
ronectin ELISA kit; Innovative Research, Novi, MI,
USA). The measurements of fibrinogen, D-dimer and
apolipoprotein C-III (Apo C-III) were consigned to
SRL (Tokyo, Japan) and other items were consigned
to the clinical laboratory at our hospital. Lipoprotein
fractions were separated by ultracentrifugation.
The data are presented as the means = SEM of three

TABLE 1. Background of study patients

Mode of LDL-A treatment

Drug for hypercholesterolemia

Patient Sex Type Duration of

Treated plasma

No. (M/Fy ofFH HT DM  LDL-A (year) volume (mL) Anticoagulation  Statin Ezetimibe Other
1 M Het. + - 2 4000 Heparin +- + -
2 M Hom. + - 27 6000 Heparin + + -
3 F Het. - - 16 4000 Heparin + - +
4 M Het. + + 16 4000 Heparin + - +

HT, hypertension; DM, diabetes mellitus; Het., Heterozygote;Hotﬁ.,Homozygote. (+) Is anaffected patient and (-) is a non-affected patient.
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measurements in each patient. Comparisons of
parameters before and after LDL-A treatment were
made by a paired #-test using Excel analysis software
(Microsoft, Redmond, WA, USA).

Proteomic analysis

Sampling

Three separate samples for proteomic analysis of
the waste fluid were obtained twice from the LA-15
system of each patient. Sample 1 was the waste fluid
obtained from 0.86 M NaCl solution during LDL-A
treatment; Sample 2 was obtained after the removal
of lipoproteins by the ultracentrifugation of Sample
1; and Sample 3 was the solution eluted from the
column with 2 M NaCl solution.

Sample preparation

Samples 1 to 3 were dialyzed in dialysis buffer,
0.3 mM ethylenediaminetetraacetic acid (EDTA)
(pH 7.4), and 0.15M NaCl using cellulose tubing
overnight. After dialysis, Sample 3 was concentrated
using a 5 kDa molecular weight cutoff spin concen-
trator (5 kDa MWCO 4 mL; Agilent Technologies,
Santa Clara, CA, USA). Albumin and immunoglo-
bulin in Samples 1 and 2 were removed using an
Albumin and IgG Removal kit (GE Healtlicare,
Chalfont St. Giles, UK).

Isoelectric focusing electrophoresis

Isoelectric focusing electrophoresis was performed
using an Immobiline Dry Strip (IPG, pH 3-10,24 cm,
GE Healthcare). Samples 1, 2, and 3 from study
patients were each adjusted to a protein concentra-
tion of 1mg/450 uL. with the rehydration buffer
according to the manual supplied by the manufac-
turer. The passive hydration of the gels was carried
out for 12 h at 20°C, and the isoelectric focusing was
performed at 500 V for 1 h,1000 V for 1 h, 8000 V for
8.2h, and 500V for 1 h.

SDS-PAGE

After the isoelectric focusing electrophoresis, the
IPG strips were equilibrated in 6 M urea 30% glyc-
erol v/v, 2% sodium dodecyl sulfate (SDS), 50 mM
Tris-HCl (pH 8.8), and 0.1% (w/v) dithiothreitol
(DTT) for 15 min. Subsequently, the IPG strips were
immersed in the above buffer containing 0.25% (w/v)
of iodoacetamide instead of DTT at room tempera-
ture for 15 min. SDS-polyacrylamide gel electro-
phoresis (PAGE) was performed using the 12.5%
polyacrylamide gel with an Ettan DALT buffer kit
(GE Healthcare). Electrophoresis was performed at
4-6 W for 18 h.

© 2013 The Authors
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Staining and de-staining

After the electrophoresis, the gels were fixed with a
fixative solution, 40% methanol (v/v) and 10% acetic
acid (v/v), for 30 min and stained in the same mixture
containing 0.2% Coomassie Brilliant Blue (CBB)
(w/v) for 30 min. The gels were then de-stained with
20% methanol and 5% acetic acid (v/v) solution at
room temperature until spots were clearly visible.

In-gel digestion with trypsin

The spots were cut out from the gels, and were
further immersed in a solution of 50% acetonitrile
(ACN) and 25 mM ammonium hydrogen carbonate.
The gel pieces were then dehydrated and dried.
Each gel piece was rehydrated with 15 pL of 100 mM
ammonium bicarbonate containing 100 pg/mL of
trypsin, 7% ACN, and 1% octyl-beta-glucoside and
left to stand for 45 min on ice, after which the gel was
incubated overnight at 37°C with shaking. An extrac-
tion solution containing 50% ACN and 1% trifluoro-
acetic acid (TFA) was added to the gel and left for
30 min. After centrifugation, the recovered extract
was concentrated to 5 to 10 pL using a SpeedVac
concentrator (Thermo Scientific, Waltham, MA,
USA).

Desalting and condensation by C-tip

Desalting and condensation were performed using
a solid phase extraction tip, C-tip (Nikkyo Technos,
Tokyo, Japan). After pre-treatment, 5-10 pL of the
tryptic digest solution was applied to the tip, washed
with 0.1% trifluoroacetic acid (TFA) and 10% ACN,
and eluted with a solution of 0.1% TFA and 60%
ACN by centrifugation to recover the desalted tryptic
digests.

Mass spectrometry (MS) analysis

Tryptic peptides eluted from the C-tip were
spotted onto a sample plate (Opti-TOF 384 Well
MALDI Plate Inserts; Applied Biosystems, Carlsbad,
CA, USA), mixed with a matrix (0.175% alpha-
cyano-4-hydroxycinnamic acid, 50% ACN and 0.1%
TFA), and air-dried. Bach spotted sample was then
subjected to mass spectrometric (MS) and tandem
mass spectrometric (MS/MS) analysis with a 4800
matrix-assisted laser desorption/ionization time-of-
flight/time-of-flight (MALDI TOF/TOF) Analyzer
(Applied Biosystems) to identify tryptic peptides.
Each spot was analyzed by MS in reflector mode
in a mass-to-charge ratio (m/z) range of 800 to
4000 (Fig. 1A). MS/MS was performed for digested
peptide peaks with a signal-to-noise (S/N) ratio
greater than 100 (Fig. 1B). Peak lists were generated
by the “Launch Peaks to Mascot” function of the

Ther Apher Dial, Vol. 18, No. 1, 2014
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FIG.1. Peptide mass fingerprint (A) and mass spectrometry/
mass spectrometry (MS/MS) spectrum (B) of vitronectin obtained
by a 4800 matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) analyzer. (A) 1, Vitronectin [453-463],
RVDTVDPPYPR; 2, Vitronectin [464-478], SIAQYWLGCPA-
PGHL (carbony-tarminal); 3, Vitronectin [422-443], MDWLVPAT-
CEPIQSVFFFSGDK. (B) Tryptic peptide number 2 in (A) was
identified by nine b-ions and 12 y-ions by MS/MS analysis. His
shows the ammonium ion of His. The “y” shows the y-ion and the
“b” shows the b-ion. The amino acid sequence of the peptide is
shown.

4000 Series Explorer software (ver. 3.5; Applied Bio-
systems). Peak lists were searched against the human
NCBInr database (80128 entries on 18 June 2009)
using the Mascot search algorithm (ver. 2.2), with
trypsin specification. Carbamide-methylated cysteine
was set as a fixed modification. Peptide tolerance
was set to 125 ppm, and MS/MS tolerance was 0.4 Da.
Peptide sequences with an expectation value lower
than 0.05 were identified.

Separation of the lipoprotein and bottom fractions

To determine the removal rate of Apo C-IIT and
vitronectin in the lipoprotein and bottom fractions by
LDL-A treatment, the serum was separated by ultra-
centrifugation (d <1.006: very low-density lipopro-
tein (VLDL),1.006 = d < 1.019: intermediate-density
lipoprotein (IDL), 1.019d<1.063: LDL, 1.063 =d <
1.210: high-density lpoprotein (HDL), 1.210<d:
bottom).

RESULTS

Low-density lipoprotein apheresis treatment was
performed in one homozygous and three hetero-
zygous patients by using the LDL adsorption method.

Hematologic test and blood chemical analysis data
Hematologic test and blood chemical analysis data
before and after LDL-A treatment are shown in
Table 2. After a single LDL-A treatment, serum
LDL-C levels decreased by 80.9%, total cholesterol

TABLE 2. Laboratory data before and after a single low-density lipoprotein apheresis treatment

Before treatment After treatment Decrease
(Mean = SD) (Mean + SEM) (%) P-value

Total cholesterol (mg/dL) 254 =102 73222 -71.4 *
LDL cholesterol (mg/dL) 194 + 81 37+19 -80.9 w
HDL cholesterol (mg/dL) 46 =22 3918 -15.4 ns.
Triglycerides (mg/dL) 132 = 76 24+ 16 -81.8 ok
Total protein (mg/dL}) 74 %06 6.4 =07 -13.6 ok
Albumin (g/dL) 4.6 =04 4105 S -12 *
RBC (10 x 10° mm®) 427 + 0.81 4.52 £0.77 5.7 n.s.
WBC (10 x 10° mm”) 5.8+20 7525 28.2 n.s.
Hemoglobin (g/dL) 13425 13.8 =26 3 ns.
Hematocrit (%) 385+6.2 40.1 £ 6.4 42 ns.
Plt (10%uL) 166 + 65 152 £ 56 -84 ns.
Na (mEq/L) 138+ 1 142 £ 1 25 i
K (mEqg/L) 40+04 41=x1 2.5 IS.
Cl (mEq/L) 104 £ 3 109 = 4 43 n.s.
Ca (mEg/L) 9.6 £ 0.4 9.0 03 -5.7 *
Fibrinogen (ug/dL) 203 + 51 123 31 -394 o
D-dimer (g/mL) 1.04 + 091 1.13 * 1.013 8.7 ns.

*0,01 < P <0.05, **P < 0.01. HDL, high-density lipoprotein; n.s., not significant; RBC, red blood cell count; SEM, standard error of the
mean; WBC, white blood cell count.

© 2013 The Authors
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(TC) levels by 71.4% and triglyceride (TG) levels by
81.8%, while high-density lipoprotein-cholesterol
(HDL-C) showed no significant change. Serum
fibrinogen decreased significantly to 39.4%. These
results are in good agreement with those previously
reported.

Proteomic analysis

The proteomic analysis was performed using three
kinds of samples (Sample 1, Sample 2 and Sample 3)
from each study patient. Typical two-dimensional gel
electrophoresis profiles obtained from a homozygous
FH patient (Fig. 2A—C show the data from patient
number 2) and from one of three heterozygous
FH patients (Fig. 2D-F are the results for patient
number 1) are shown. Sample 1, which was prepared
from the waste fluid fraction, gave 110 spots (Fig. 2A)
and 127 spots (Fig. 2D), while Sample 2, which was
prepared by removing lipoproteins from Sample 1,
gave 120 (Fig. 2B) and 145 spots (Fig. 2E), in the
homozygous and heterozygous patients, respectively.
The density and distribution patterns of the protein
spots were similar in homozygous and heterozygous
patients. Sample 3, the eluate from the column by 2 M
NaCl, appeared to yield fewer spots compared to
Samples 1 and 2: 30 spots in the homozygous patient
(Fig. 2C) and 25 spots in the heterozygous patient
(Fig. 2F). Sample 3 also showed similar density and
distribution patterns between the homozygous and
heterozygous patients.

By mass spectrum analysis of the spots obtained
from Samples 1, 2, and 3 of four patients, 48 proteins
were identified from 279 spots in Sample 1, 34 pro-
teins from 140 spots in Sample 2, and. 10 proteins
from 36 spots in Sample 3. As numerous spots gave
the same identification results, we identified 48 pro-
teins in total from Samples 1-3 without redundancy.
The identified proteins are listed in Table 3. The spots
were distributed between 10 kDa and 260 kDa on
the gel; the largest was fibronectin and the smallest
was Apo C-IIL The protein with the lowest pl was
vitronectin, and that with the highest was fibrinogen-
o-chain (Fig. 3A~C). The identified proteins included
- coagulation factors such as fibrinogens; antithrombin
III; haptoglobin; heparin cofactor; thrombogenic
factors such as Pr-glycoprotein I; fibronectin; kinino-
gen I, complement factors; inflammation factors such
as Apo C-III and oy-acid glycoprotein I; and adhesion
molecules such as vitronectin. The proteins identified
from Sample 3 were mostly fibrinogen o, 3, and vy
chains; the protein oz-microglobulin bikunin precur-
sor (AMBP); antithrombin III; and the Ig mu chain C
region. Of the proteins identified, B.-glycoprotein
1, clusterin, gelsolin, ou-antitrypsin, apolipoprotein

© 2013 The Authors
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F (Apo F), CD5 antigen-like, amidase, pigment
epithelium-derived factor, tetranectin, transthyretin,
vitamin D-binding protein, histidine-rich glycopro-
tein, alpha-2 HS glycoprotein, and complement com-
ponent C6 were first found to have been removed by
the LDL-adsorption column. Fibrinogen (c, B, and v
chains), antithrombin III apolipoprotein A-I (Apo
A-I), and apolipoprotein E (Apo E), which were pre-
viously reported to have been removed by LDL-A
treatment, were also identified in the waste fluid in
this study (Table 3).

Changes in identified protein levels in serum before
and after LDL-A treatment

Among the identified proteins, vitronectin, and
Apo A-1, A-I1, B, C-11, and C-III levels in the serum
were measured before and after LDL-A treatment.
Vitronectin showed a substantial decrease of 82.4%
after a single treatment. In addition, we measured
vitronectin levels in the lipoprotein and the bottom
fractions before and after LDL-A treatment. Before
treatment, the amount of vitronectin in the bottom
fraction accounted for 68.8% of the total amount,
suggesting that most of the vitronectin was not asso-
ciated with lipoproteins. After treatment, vitronectin
levels were decreased by 83.6% in the bottom frac-
tion and by 43.9% in the lipoprotein fraction. Among
apolipoproteins, Apo A-I, A-II, B, CII, and E
decreased significantly after a single treatment. Most
of the Apo C-III was found in the lipoprotein frac-
tion, and a negligible amount was seen in the bottom
fraction. In addition, Apo C-III levels in the VLDL
and LDL fractions decreased by 22.8% and by 42.6%
after LDL-A treatment. On the other hand, the
amount of Apo C-III in the bottom fraction showed
no change, suggesting that Apo C-III was removed in
association with VLDL and LDL lipoproteins.

DISCUSSION

The adsorption column used in LDL-A treatment
has been reported to remove many proteins, such as
fibrinogen, antithrombin III, coagulation factors II,
V, VII, VIII, IX, X, XI and XII, CRP, os-antitrypsin,
serum amyloid A protein, and os-acid glycoproteins
of inflammation factors and lipoproteins, such as
Lp(a), MDA-LDL, sd-LDL, and ox-LDL (15,20,21).
On the other hand, DFPP has been reported to
remove fibrinogen, Lp(a), C3, C4, f.-macroglobulin,
and immunoglobulins (17). The mechanism of
the removal of Apo B-containing lipoproteins is
based on the molecular size in DFPP, whereas in the
LDL adsorption column, the mechanism is the elec-
trostatic binding to the negatively charged ligand.

Ther Apher Dial, Vol. 18, No. 1, 2014
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FIG.2. Two-dimensional gel electrophoresis profiles of the samples prepared from one homozygous familial hypercholesterolemia (FH)
patient (A-C) and one heterozygous FH patient (D-F). For each of the two patients, sample 1 (A,D), sample 2 (B,E), and sample 3 (C,F)
were subjected to two-dimensional electrophoretic analysis and stained. The horizontal axis/bar shows isoelectric focusing with pH values of
3 to 10, and the vertical axis/bar shows the molecular weight.
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TABLE 3. Identified proteins in the eluate from the low-density lipoprotein apheresis column

Sample  Sample  Sample
Group Protein Name MW 1 2 3
Coagulation factor o-fibrinogen precursor 69 809 + + +
. Antithrombin III 52618 + + +
B-fibrinogen precursor 54 895 +
EGF-containing fibulin-like extracellular Matrix protein 2 49 405 +
Fibrinogen 7y chain 49 481 + + +
Heparin cofactor II precursor 57098 +
Kininogen I 47901 + +
B2-glycoprotein I 36254 + +
Thrombogenic factor Histidine-rich glycoprotein 53378 +
o-1-acid glycoprotein 1 precursor 23511 + +
Inflammation factor Apolipoprotein C-III 10 822 + +
Inter-alpha-trypsin inhibitor family heavy chain-related protein 103 385 + +
o-1 antitrypsin 46 706 + + +
o-2-glycoprotein 1 34258 + +
o-2-HS-glycoprotein 39324 + +
Adhesion molecule Vitronectin 54 335 + +
Fibronectin precursor 256 689 + +
Complement component  Complement component C3 187163 + +
Complement Clr subcomponent 80173 +
Complement component C4A 192 861 + +
Complement factor B 85562 + + +
Complement factor C6 104 843 +
Cl-inhibitor 32708 +
Complement Cls 37208 +
Complement component C6 104 786 +
Glycoproteins o-1B-glycoprotein 54254 + +
Angiotensinogen 53154 +
Clusterin 52 495 + +
Hemopexin 51676 + +
Zinc-alpha-2-glycoprotein 34259 + +
Apolipoproteins Apolipoprotein A-I 30778 + + +
Apolipoprotein A-IV 45 399 + +
Apolipoprotein C-I1 11284 + +
Apolipoprotein E 36154 + +
Apolipoprotein F 35399 +
Immunogloblin Ig kappa chain C region 11 609 + +
Ig mu chain C region 49 307 +
Others CDS5 antigen-like 38 088 + +
Gelsolin 85698 + + +
N-acetylmuramoyl-L-alanine amidase 62217 +
Pigment epithelium-derived factor 46312 + + +
Protein AMBP 38 999 + +
Retinol-binding protein 4 23010 + +
Serotransferrin 77 064 + + +
Serum albumin 69 367 +
Tetranectin 22 566 + + +
Transthyretin 20193 + +
Vitamin D-binding protein 52 964 + +

(+) Protein was identified in the waste fluid and eluted solution from the adsorption column.

Therefore, the proteins removed by DFPP may be
associated with VLDL and/or LDL. On the other
hand, the removal of proteins by the LDL adsorption
column has three mechanisms, association with
VLDL and/or LDL, electrostatic binding of their
positive charge to the ligands, or nonspecific binding
to the column.

Dihazi etal. reported the clearance of proteins
by three kinds of LDL-A methods: DFPP, DALI,
and HELP (19). They reported that 74 proteins
were identified and, among these, 15 proteins, that is,
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o-1 antitrypsin, o-2 antiplasmin, fibrinogen A alpha
polypeptide, fibrinogen beta chain, fibrinogen gamma
polypeptide, kininogen I, transthyretin, alpha-2-
macroglobulin, complement C4 precursor, comple-
ment C3, complement component C4B, complement
factor H —precursor, haptoglobin, Ig kappa chain C
region and immunoglobulin J chain, were reported
to be removed by all three methods. In our study,
48 proteins were found to be removed by the LDL
adsorption columns, and among them, eight proteins,
B-fibrinogen precursor, fibrinogen v chain, kininogen
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FIG. 3. Protein spot map on two-dimensional gel electrophoresis. Each spot was excised from the gel and subjected to in-gel trypsin
digestion, followed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry/mass spectrometry
(MS/MS) analysis. (1) Fibronectin, (2) B, glycoprotein I, (3) fibrinogen B-chain, (4) complement factor CA4, (5) complement factor H, (6)
apolipoprotein H, (7) hemopexin, (8) fibrinogen y-chain, (9) vitamin p-binding protein, (10) oy antitrypsin, (11) apolipoprotein A-IV, (12)
complement factor 3, (13) kininogen I, (14) a-HS glycoprotein, (15) vitronectin, (16) apolipoprotein E, (17) microglobulin binding protein,
(18) apolipoprotein A-I, (19) haptoglobin, (20) transthyretin, (21) fibrinogen a-chain precursor, (22) apolipoprotein C-III, (23) apolipopro-

tein C-I1, (24) vitronectin.

I, o-1 antitrypsin, fibronectin precursor, comple-
ment component C3, Ig kappa chain C region and
transthyretin, were the proteins removed by all
four methods—that is, HELP, DFPP, DALI and LDL
adsorption—although the analytical methods were
not the same. There have been no data on long-term
clinical outcomes indicating that one of the existing
lipid apheresis methods is superior to any of the
others. Indeed, the report of Dihazi that analyzed the
proteins removed by each LDL-A method does not
support the superiority of any specific method. The
fact that fibronectin and fibrinogen were removed by
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all four methods is of interest, because removal of
these proteins has been reported to lower plasma
viscosity which has been related to a significant
improvement of peripheral flow.

Proteins that have heparin-binding domains,
such as fibrinogen, antithrombin IIT, fibronectin, and
ou-P-glycoprotein, carry positive charges, which may
be removed by ionic interaction. Apolipoproteins
known as lipoprotein-associated proteins may be
removed together with the lipoproteins. We identified
not only proteins reported to be removed by LDL-A
treatment (10,21,22), but also new molecules such

© 2013 The Authors
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as vitronectin and Apo C-III, which are known to
have important roles in atherogenesis. It is of interest
that while vitronection was not removed with Apo
B-containing lipoproteins but by ionic interaction,
Apo C-1II was removed with Apo B-containing lipo-
proteins. We also found that the serum levels of Apo
C-III and vitronectin were significantly decreased
after a single LDL-A treatment.

Vitronectin is a heparin-binding protein with a
molecular weight of 54 kDa, 5.55 pl, and is contained
at 200 to 400 pg/mL in human serum. Vitronectin
carries positive charges in the heparin binding
domain, suggesting that its binding mechanism to the
negative charges of dextran sulfate is plausible.
Serum vitronectin levels are reportedly increased in
patients with significant stenosis in two or more seg-
ments of the coronary arteries compared to those
with stenosis in no or only one segment (23). Peng
et al. reported that vitronectin-knockout mice show
reduced neointima formation after carotid injury
ligation or chemical injury compared with wild-type
mice (24). Although vitronectin does not directly
change vascular smooth muscle cell (VSMC) prolif-
eration, this protein was reported to promote
neointima development by enhancing VSMC migra-
tion. Vitronectin reduction may be one of the benefi-
cial effects of LDL-A treatment in the prevention of
atherosclerosis. :

Apo C-IIT is 10 kDa in molecular weight and 5.23
in pl, and is contained at 5.4 mg/dL. to 10.0 mg/dL in
human serum. Apo C-III is known to be distributed
mainly in VLDL and HDL, and secreted as a compo-
nent of VLDL from the liver (25). The physiologi-
cal role of Apo C-III is the regulation of lipolysis
through noncompetitive inhibition of endothelial
cell-bound LPL that hydrolyzes TG in VLDL, trans-
forming large TG-rich particles into smaller
TG-depleted remnant lipoproteins (25). In several
clinical studies, higher Apo C-III levels were associ-
ated with an increased severity of CVD in patients
with angiographically defined coronary artery dis-
eases (25). Pollin et al. reported that Lancaster Amish
patients are heterozygous carriers of a null mutation
in the gene encoding Apo C-1II, and thus express
half the amount of Apo C-III present in noncarriers.
The carriers had higher HDL-C levels, lower TC and
LDL-C levels (26), and less detectable coronary
artery calcification than noncarriers (26). Null muta-
tion in Apo C-III confers favorable lipid profiles and
apparent cardioprotection without any obvious det-
rimental effect; this raised the possibility that thera-
pies targeting Apo C-III would be clinically effective
in reducing cardiovascular events (26). In our study,
Apo C-III was decreased by 54.8% with a single
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LDL-A treatment. Moreover, the Apo C-III level in
VLDL was decreased by 77.2%. This suggests that
the decrease in Apo C-III by LDL-A treatment is
one of the protective effects against cardiovascular
disease.

There are some limitations to this study. First,
some proteins that LDL-A treatment removes have
beneficial effects on the inhibition of atherosclero-
sis development. Second, some proteins having
physiological importance, such as immunoglobulin,
albumin, transthyretin and so on, were removed by
the adsorption column. In order to evaluate the effect
of removal of each protein by LDL-apheresis, a com-
prehensive understanding of each factor involved in
the pathogenesis and pathophysiology based on the
analysis of both patients and animal models will be
needed.

CONCLUSION.

In this study, several proteins that might be
involved in the cause and pathophysiology of athero-
sclerosis were identified in the waste fluid of lipo-
protein apheresis treatment by proteomic analysis.
Proteomic analysis may provide information on the
mechanisms underlying the effects of LDL-A treat-
ment on atherosclerosis, and also could provide data
to broaden the application of the treatment, thus
demonstrating this treatment’s usefulness from these
additional perspectives.
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