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Expanded Materials and Methods

Construction of Rat LOX-1 Promoter Deletion and Mutation Constructs

The DNA fragment of the 5'- promoter region was amplified by PCR using rat genomic
DNA as the template, the upstream primers tagged with the Kpn [ restriction site and the
downstream primer tagged with the Sac I restriction site. The amplified fragments were
digested with Kpn I and Sac | and subcloned between the Kpn 1 and Sac | sites of
pGL3-basic vector (Promega). The authenticity of each was verified by a sequence

analysis in both directions. The AP-1 mutant construct was generated using the Gene
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Editor Site-directed mutagenesis kit (Promega). The mutation was confirmed by DNA

sequencing.

Transfection and Luciferase Reporter Gene Assay

A mixture of LOX-1 promoter plasmid (1 ug/well) and phRG-TK vector (0.01 ug/well;

Promega) as an internal control was transfected into HEK-293 cells. Twenty-four hours

after transfection, the cells were incubated with either polyamide or mismatch

polyamide in the presence or absence of 0.1 wmol/L phorbol 12-myristate acetate

(PMA) as a stimulator for LOX-1 promoter activity for 24 hours. The luciferase activity

was measured with a Dual-luciferase reporter assay system (Promega) and a TD-20/20

luminometer (Turner Designs, Sunnyvale, CA).

Gel Mobility Shift Assay

Fluorescein-labeled DNA corresponding to bp -69 to -46 of rat LOX-1 promoter

including the AP-1 binding site or 2-bp mutated DNA were synthesized for a gel

mobility shift assay. One umol/L DNA was incubated with 50 umol/L. PI polyamide to
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LOX-1 for 1 hour at 37°C, and then was separated by electrophoresis on 20%

polyacrylamide gel and visualized by a luminescent image analyzer LAS-3000 (Fujifilm,

Tokyo, Japan).

Real-time PCR

The total RNA was isolated and reverse-transcribed as described previously. Real-time

quantitative PCR was performed with cDNA diluted 4 times, using a TagMan Universal

Master Mix, and an ABI 7500 sequence detector (Applied Biosystems).

Assay-on-Demand primers and probes (LOX-1: Rn00591116 _m1; and TagMan Rodent

GAPDH control reagents) were purchased from Applied Biosystems. The comparative

CT method was used for relative quantification and statistical analysis.

Western Blot Analysis for Rat LOX-1 Protein

Rat endothelial cells were disrupted with lysis buffer. The total proteins were extracted,

heated at 95°C for 5 minutes, subjected to 10% SDS—polyacrylamide gel

electrophoresis (SDS-PAGE), and electroblotted onto PVDF membranes (Amersham
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Biosciences, Uppsala, Sweden). The blots were incubated with goat polyclonal

anti-LOX-1 antibody (1:200, Santa Cruz Biotechnology, CA), or mouse monoclonal

antibody specific for a-tubulin (1:2000, Sigma) as an internal control and then with

anti-goat IgG or anti-mouse IgG (1:2000, Bio-Rad Laboratories, Hercules, CA),

respectively, as secondary antibodies. The bound antibodies were detected by enhanced

chemiluminescence (ECL Kit, Amersham) and exposure to X-ray films.
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Table S1. Sequences of PCR primers for MCP-1, ICAM-1, MMP-9 and 18S rRNA, and

product sizes

Target mMRNA Primer Sequence Product size (bp)
MCP-1 ¥ 5’- ATGCAGTTAATGCCCCACTC -3’ 167
3 5’- TTCCTTATTGGGGTCAGCAC -3’
ICAM-1 3 5°- AGGTATCCATCCATCCCACA-3’ 209
3 5’- GCCACAGTTCTCAAAGCACA-3’
MMP-9 5 5’- CCACCGAGCTATCCACTCAT-3' 159
37 5’- GTCCGGTTTCAGCATGTTTT-3'
18S rRNA 3 5’- CGACGACCCATTCGAACGTCT-3" 312
3 5’- GCTATTGGAGCTGGAATTACCG-3’

PCR, polymerase chain reaction; MCP-1, monocyte chemoattractant protein-1; ICAM-1,

intercellular adhesion molecule-1; MMP-9, matrix metalloproteinase-9.

Table S2. Thermal cycle profiles for PCR

Target mMRNA  Denaturation Primer annealing Primer extension Cycles
MCP-1 94°C, 45 sec 60°C, 45 sec 72°C, 45 sec 30
ICAM-1 94°C, 30 sec 60°C, 30 sec 72°C,; 30 sec 30
MMP-9 94°C, 30 sec 60°C, 30 sec 72°C, 30 sec 30
18S rRNA 94°C, 30 sec 55°C, 30 sec 72°C, 30 sec 20

PCR, polymerase chain reaction; MCP-1, monocyte chemoattractant protein-1; I[CAM-1,

intercellular adhesion molecule-1; MMP-9, matrix metalloproteinase-9.
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Figure S1.
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A, An analysis of the LOX-1 promoter activity. Deletion constructs of rat LOX-1

promoter were used in the transient transfection experiments and are drawn on the left.

HEK-293 cells were transfected with recombinant LOX-1 promoter plasmids, and were

stimulated without or with PMA (1 umol/L) for 24 hours. B, Mutation of the AP-1 site

abolished effect of the PMA on LOX-1 promoter activity. The AP-1 mutated LOX-1

promoter construct was used in transient transfection experiments to determine the role
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of AP-1 in mediating the PMA-enhanced LOX-1 promoter activity by a luciferase assay.

The data are the mean = SEM (n = 8). * P<0.05 vs. treatment without PMA.

Figure S2.

Oligonucleotide + Polyamide ——»
Double strand oligonucleotide ——#

Single strand oligonucleotide —»

Gel mobility shift assay. Fluorescein-labeled DNA corresponding to -69 to -46 of rat

LOX-1 promoter including the AP-1 binding site or 2-bp mutated DNA was synthesized.

One microgram of the DNA was incubated with 50 umol/L polyamide for 1 hour at

37°C, thereafter it was separated by electrophoresis on 20% polyacrylamide gel. Lane 1,
p y

single-stranded DNA; lane 2, double-stranded DNA; lane 3, double-stranded DNA with

polyamide targeting LOX-1; lane 4, 2-bp mutated DNA with polyamide; lane 5,

double-stranded DNA with mismatch polyamide.
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Figure S3.
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A, The effect of PI polyamide to LOX-1 on the expression of LOX-1 mRNA in cultured

rat aortic endothelial cells. Rat aortic endothelial cells were incubated with PI

polyamide to LOX-1 or mismatch polyamide in the presence or absence of 0.1 umol/L

PMA for 6 hours. Total RNA was extracted and LOX-1 mRNA were evaluated by a

real-time PCR assay. B, A Western blot analysis of the expression of LOX-1 protein in

cultured rat endothelial cells. The endothelial cells were incubated with either PI

polyamide to LOX-1 or mismatch polyamide in the presence or absence of 0.1 umol/L

PMA for 12 hours. The data are the mean + SEM (n = 4). * P<0.05 vs. incubation with

PMA.
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Background

Several clinical studies of statin therapy have demonstrated that lowering low-density lipoprotein (LDL)

cholesterol prevents atherosclerotic progression and decreases cardiovascular mortality. In addition, oxidized LDL
(oxLLDL) is suggested to play roles in the formation and progression of atherosclerosis. However, whether lowering
oxLDL alone, rather than total LDL, affects atherogenesis remains unclear.

Methods and Results—To clarify the atherogenic impact of oxLLDL, lectin-like oxLLDL receptor 1 (LOX-1), an oxLLDL receptor,
was expressed ectopically in the liver with adenovirus administration in apolipoprotein E—deficient mice at 46 weeks of age.
Hepatic LOX-1 expression enhanced hepatic oxLLDL uptake, indicating functional expression of LOX-1 in the liver. Although
plasma total cholesterol, triglyceride. and LDL cholesterol levels were unaffected, plasma oxLDL was markedly and
transiently decreased in LOX-1 mice. In controls, atherosclerotic lesions, detected by Oil Red O staining. were markedly
increased (by 38%) during the 4-week period after adenoviral administration. In contrast, atherosclerotic progression was
almost completely inhibited by hepatic LOX-1 expression. In addition, plasma monocyte chemotactic protein-1 and lipid
peroxide levels were decreased, whereas adiponectin was increased, suggesting decreased systemic oxidative stress. Thus,
LOXI1 expressed in the livers of apolipoprotein E—deficient mice transiently removes oxLDL from circulating blood and
possibly decreases systemic oxidative stress, resulting in complete prevention of atherosclerotic progression despite the
persistence of severe LDL hypercholesterolemia and hypertriglyceridemia.

Conelusions—OxLDL has a major atherogenic impact, and oxLLDL removal is a promising therapeutic strategy against

atherosclerosis. (Circulation. 2008;118:75-83.)

Key Words: atherosclerosis m lipoproteins m oxidative stress m oxidized low-density lipoprotein

Athcrosclcrosis is the major factor underlying the in-
creased incidence of coronary heart disease and central
vascular disease in the industrialized world.! Low-density
lipoprotein (LDL) cholesterol is considered a major factor in
atherosclerosis development.® In this decade. several clinical
studies of statin therapy have demonstrated the pivotal roles
of lowering LDL cholesterol in preventing atherosclerotic
progression and decreasing cardiovascular mortality

Clinical Perspective p 83

Oxidative stress might play critical roles in many diseases.
In particular, oxidation of LDL might be a key step in the

development of atherosclerosis.*~¢ Oxidized LDL (oxLDL)
has been proposed to be involved in many atherogenic
changes in the vascular wall such as expression of adhesion
molecules. migration of macrophages and smooth muscle
cells, release of chemokines,” and impairment of endothelial
nitric oxide production.® Importantly. oxLDL is incorporated
into macrophages via receptor-mediated endocytosis, leading
to macrophage transformation into foam cells and thus the
plaque formation of atherosclerotic lesions. Furthermore,
oxLDL itself reportedly induces oxidative stress in endothe-
lial cells, smooth muscle cells, and macrophages. resulting in
a vicious cycle of atherogenic plaque formation.® However,
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the effectiveness of antioxidant therapy against atherosclero-
sis is controversial.'?='5 In addition, antioxidants may inhibit
not only oxLDL formation but also many other oxidation-
sensitive pathways. Therefore, it is unclear that the anti-
atherogenic effects of antioxidants, if any, are due to inhibi-
tion of oxLDL formation. Thus, whether lowering oxLDL
alone, rather than total LDL, affects atherogenesis remains to
be elucidated. Therefore, to directly clarify the impact of
oxLDL on the development of atherosclerosis, we designed a
strategy for removing oxLDL from the circulation in a murine
hypercholesterolemia model: apolipoprotein E (apoE)-
deficient mice.

Several receptors for oxXLDL have been identified in recent
years.'©-20 Lectin-like oxLDL receptor-1 (LOX-1) is one such
receptor for oxLDL?' and is expressed in atherosclerotic
lesions, including endothelial cells, macrophages. and smooth
muscle cells,?? suggesting that LOX-1 actively incorporates
oxLDL. Therefore, with the goal of removing oxLDL from
the circulation, we ectopically expressed LOX-1 in the livers
of apoE-deficient mice using an adenoviral gene transfer
system.

Methods

Preparation of Recombinant Adenovirus
Recombinant adenovirus containing murine LOX-1 ¢DNA under the
CAG promoter was constructed as described previously.?*24 A
recombinant adenovirus bearing the bacterial B-galactosidase gene
(lacZ) was used as a control.?®

Animals

Animal studies were conducted in accordance with the institutional
guidelines for animal experiments at Tohoku University. ApoE-
deficient mice?® (The Jackson Laboratory, Bar Harbor, Me) were fed
a standard chow. At 46 weeks of age, the baseline group of mice
(n=9) were killed to determine the extent of established lesions at
this age. Adenoviruses were administered intravenously at a dose of
2 10* plague-forming units to 46-week-old apoE-deficient mice.

Blood Analysis

Plasma total cholesterol, triglyceride, and adiponectin levels were
determined as described previously.”” Plasma lipoproteins were
analyzed by high-performance liquid chromatography with molecu-
lar sieve columns?® (Skylight Biotech, Inc. Akita. Japan). The
monocyte chemoattractant protein (MCP)-1 concentration was mea-
sured with an ELISA kit (R&D Systems, Minneapolis, Minn).
Plasma alanine aminotransferase was measured with the transami-
nase test C (Wako Pure Chemicals, Osaka, Japan). Plasma levels of
lipid peroxides were guantified with an LPO determiner (Kyowa
Medex, Tokyo, Japan). OxLDL levels were measured with a sand-
wich ELISA. Murine plasma samples were applied to a plate coated
with human soluble LOX-1 protein and detected with anti-apoB as
the first antibody and goat anti-chicken IgG (H+L) (KPL. Inc,
Gaithersburg, Md) as the detecting antibody. The reaction was
developed with a tetramethylbenzidine peroxidase EIA substrate kit
(Bio-Rad Laboratories, Hercules, Calif), and absorbance was mea-
sured at 450 nm.

Immunoblotting

Hepatic protein extracts (250 pg total protein) were boiled in
Laemmli buffer containing 10 mmol/L dithiothreitol. subjected to
SDS-PAGE. and transferred onto nitrocellulose filters. The filters
were incubated with the murine LOX-1 antibody and then with
anti-goat immunoglobulin G coupled to horseradish peroxidase. The
immunoblots were visualized with an enhanced chemiluminescence
detection kit (Amersham, Buckinghamshire, UK).

Hepatic Uptake of oxLDL

Human LDL (1.006<<d<1.063 g/mL) was purified by ultracentrifu-
gation and oxidized with CuSO,?" followed by labeling with
fluorescent lipid (1.1'-dioctadecyl-3.3,3".3"-tetramethylindocarbocy -
anine perchlorate [Dil]) as described previously.* Thirty minutes
after Dil-labeled oxLDL (12 pg) injection., murine livers were
excised for the extraction of lipids and measurement of fluorescence
as described previously.?! and livers of mice with nonlabeled oxLDL
injection also were examined immunohistochemically. Fluorescent
intensities of tissue lysates were measured with a fluorescence
spectrophotometer (F-2000, Hitachi, Tokyo, Japan).

Histological Analysis

Mouse livers and aortas were removed and rinsed with saline. The
tissues were fixed with 10% formalin and embedded in paraffin.
Tissue sections were cut at a thickness of 4 pum and stained with
hematoxylin and eosin. For immunohistochemistry, the streptavidin-
biotin method was performed with a Histofine SAB-PO kit (Nichirei,
Tokyo, Japan).3? Slides were deparaffinized and then autoclaved in
citrate buffer for antigen retrieval, followed by incubation with
antibodies to oxLDL (Calbiochem, San Diego. Calif). mac-3 (BD
Bioscience, San Jose, Calif), and smooth muscle actin (Progen,
Heidelberg. Germany). Finally, the slides were visualized by incu-
bation with a substrate solution containing 3.3'-diaminobenzidine
tetrahydrochloride.

Measurement of Atherosclerotic Lesions

The aortas were removed, cleaned, cut open with the luminal surface
facing up, and then immersion fixed in 10% formalin in PBS. The
inner aortic surfaces were stained with Oil Red O to visualize neutral
lipid (cholestery] ester and triglycerides) accumulation for 25 min-
utes at room temperature. After rinsing with 60% isopropyl alcohol
and distilled water, the Oil Red O-stained areas were quantified by
Scion Image software analysis (Scion Corp, Frederick, Md) of the
digitized microscopic images. Results were expressed as percentages
of the lipid-accumulating lesion area to the total aortic area analyzed.

Quantitative Real-Time Polymerase Chain
Reaction-Based Gene Expression

On day 5 after adenoviral administration, total RNAs in 0.1 g of the
aortas and livers from 24-week-old LacZ and LOX-1 mice were
isolated with ISOGEN (Wako Pure Chemical Co, Osaka, Japan), and
cDNA was synthesized with a Cloned AMV First Strand Synthesis
Kit (Invitrogen, Rockville, Md) using 5 pg total RNA. cDNA
synthesized from total RNA was evaluated with real-time guantita-
tive polymerase chain reaction (LightCycler Quick System 3508,
Roche Diagnostics GmbH, Mannheim, Germany). The relative
amount of mRNA was calculated with GAPDH as the invariant
control. The primers used are described in Table I of the online Data
Supplement.

Statistical Analysis
All data are expressed as mean=SEM. All statistical analyses were
performed with the Statistical Package for the Social Sciences
version 13.0 (SPSS Japan Inc, Tokyo. Japan). Normality was tested
with the Kolmogorov-Smirnov test. When data were normally
distributed, the statistical significance of differences was assessed
with the unpaired ¢ test and 1-way ANOVA, followed by Tukey’s
post hoc analyses. The Mann-Whitney U test was applied when data
were not normally distributed. Repeated-measures ANOVA was
used to assess changes in plasma oxLDL values measured serially in
time between the 2 experimental groups. In all analyses, values of
P<<0.05 were accepted as statistically significant.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.
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Figure 1. LOX-1 was ectopically and functionally expressed in the liver as an oxLDL receptor. A, Liver extracts were immunoblotted
with anti-LOX-1 antibody 5 days after adenoviral administration. B, Mouse livers were removed 30 minutes after intravenous injection
of Dil-labeled oxLDL, followed by measurement of fluorescent values in the livers of LacZ mice (white bars) and LOX-1 mice (black
bars; n=>5 per group). C, The livers of LacZ mice (top) and LOX-1 mice (bottom) were removed 30 minutes after intravenous oxLDL
injection, followed by staining of hepatic sections with anti-oxLDL antibody. D, Plasma alanine aminotransferase levels were determined
5 days after adenoviral administration to LacZ mice (white bars) and LOX-1 mice (black bars; n=6 per group). E, The livers of LacZ
mice (top) and LOX-1 mice (bottom) were stained with hematoxylin and eosin 4 weeks after adenoviral administration, B, D, Data are

presented as mean+SE. "P<0.05.

Results

Adenoviruses encoding LOX-1 or LacZ ¢cDNA were admin-
istered intravenously to apoE-deficient mice at 46 weeks of
age. Mice of this age were chosen because atherosclerosis
progresses dramatically during the period just before 1 year
of age.’® As we reported previously.** intravenous adminis-
tration of recombinant adenoviruses results in selective trans-
gene expression in the liver with no detectable expression in
other tissues (data not shown). As shown in Figure 1A,
administration of LOX-1 adenovirus induced LOX-1 expres-
sion in the livers of mice (LOX-1 mice), whereas no LOX-1
expression was detected in those of control mice given LacZ
adenovirus (LacZ mice).

To examine hepatic uptake of oxLDL with ectopic expres-
sion of LOX-1, fluorescence-labeled oxLDL was injected
intravenously, followed by measurement of fluorescence
values in the liver. Hepatic fluorescence values were mark-
edly increased in LOX-1 mice compared with LacZ mice
(Figure 1B). In addition, 30 minutes after intravenous oxLDL
injection, hepatic oxLDL deposition was demonstrated im-
munohistochemically with anti-oxLDL antibody (Figure 1C).
Thus, LOX-1 was ectopically and functionally expressed in
the liver as an oxLDL receptor. On the other hand, plasma
alanine aminotransferase levels were similar in LacZ- and
LOX-1 mice (Figure 1D). In addition, histological analyses
revealed no apparent infiltration or structural changes in the
livers of LOX-1 mice (Figure 1E). However. hepatic expres-
sion of antioxidant enzymes, ie, catalase and glutathione
S-transferase, was significantly upregulated (Figure 2A),
suggesting increased oxidative stress in hepatocytes. On the

other hand, levels of C-reactive protein, interleukin-18, and
tumor necrosis factor-a expression were not significantly
altered in the liver (Figure 2B). Thus, LOX-1 ectopically
expressed in the livers of apoE-deficient mice functionally
incorporated oxLDL into hepatocytes. possibly increasing
oxidative stress, but liver damage was apparently limited.
Next, plasma lipid parameters were measured. Hepatic
LOX-1 expression did not significantly alter plasma total
cholesterol or triglyceride levels (Figure 3A). In addition.
cholesterol contents of the LDL and high-density lipoprotein
fractions were not significantly altered in LOX-1 mice
compared with those in LacZ mice (Figure 3B). In marked
contrast, plasma oxLDL levels were dramatically decreased
in LOX-1 mice for 2 weeks but returned to control levels by
3 weeks after adenoviral administration (Figure 3C), probably
because of decreased adenovirus-mediated transgene expres-
sion in the liver after 2 weeks, as reported previously.?” Thus,
adenovirus-mediated LOX-1 expression in the liver resulted
in very transient and selective oxLDL removal from the
circulation despite the persistence of severe hypercholester-
olemia and hypertriglyceridemia induced by apoE deficiency.
To elucidate the effects of hepatic LOX-1 expression on
atherosclerosis, the extents of atherosclerotic lesions were
determined, as represented by the ratio of Oil Red O-positive
areas to the entire aorta. Atherosclerotic lesions of LacZ mice
increased markedly. by 38%. during the 4-week period after
adenoviral administration (from 46 to 50 weeks of age)
compared with those at baseline (46-week-old mice) (Figure
4A and 4B). In contrast, intriguingly, atherosclerotic lesion
areas of LOX-1 mice were very similar to those at baseline
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Figure 2. Relative amounts of mRNAs of proteins related to oxidative stress or inflammation in the liver. On day 5 after LacZ (white
bars) or LOX-1 (black bars) adenovirus administration to 24-week-old apoE-deficient mice, relative amounts of mRNA of proteins
related to oxidative stress (A) or inflammation (B) in the liver were determined by quantitative real-time polymerase chain reaction and
corrected with GAPDH as the intemnal standard (n=9 in LacZ mice, n=11 in LOX-1 mice). Data are presented as mean*=SE. GST indi-
cates glutathione S-transferase; MnSOD, manganese superoxide dismutase; CRP, C-reactive protein; TNFa«, tumor necrosis factor-«;

and IL-1p, interleukin 18. *P<0.05.

and were significantly smaller than those of LacZ mice
(Figure 4A and 4B). These findings indicate that hepatic
LOX-1 expression completely inhibited the progression of
aortic atherosclerosis during the 4-week period when athero-
sclerosis markedly progresses in control apoE-deficient mice.
Thus, oxLDL removal from circulating blood, even transient,
exerts striking antiatherogenic effects, indicating the enor-
mous impact of oxLDL on atherosclerosis.

Next, we immunohistochemically examined macrophage
and smooth muscle cell infiltration into the plaques. Mac-3
staining revealed that macrophage deposition in established
plague lesions did not differ between LacZ- and LOX-1 mice
(Figure 5A and 5B). In contrast, in LOX-1 mice, smooth
muscle actin—positive areas in plaques were larger, especially
in the surface areas of plaque lesions, than in LacZ mice. In
LacZ mice, smooth muscle actin—positive areas in plagques
were significantly decreased compared with those at baseline,
and these decrements were inhibited by hepatic LOX-1
expression (Figure 5C and 5D). These findings suggest
oxL.DL removal from the circulation to inhibit the increase in
vulnerability that occurs during plaque progression.

Furthermore, plasma MCP-1 levels were significantly
lower in LOX-1 mice than in LacZ mice (Figure 6A). In
contrast, plasma levels of adiponectin, which is considered a
protective molecule against vascular damage.’> were signifi-
cantly higher in LOX-1 mice (Figure 6B). In addition, plasma
lipid peroxide levels were markedly lower in LOX-1 mice
(Figure 6C). Oxidative stress reportedly upregulates and
downregulates MCP-1 in vascular cells*® and adiponectin in
adipocytes.’ respectively. Taken together with the finding of
decreased lipid peroxide levels, systemic oxidative stress is
likely to be decreased in LOX-1 mice.

Then, we examined mRNA expressions of oxidative
stress— and inflammation-related proteins in the aortas of
24-week-old LacZ and LOX-1 mice on day 5 after adenoviral
administration. The antioxidant enzymes catalase, glutathione
S-transferase, and manganese superoxide dismutase tended to
be downregulated in the aortas of LOX-1 mice, although the
differences did not reach statistical significance (Figure 7A).
In addition, aortic expression of MCP-1, interleukin-6, and
interleukin-13 was significantly decreased in LOX-1 mice
(Figure 7B), indicating decreased oxidative stress and local
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Figure 3. Hepatic LOX-1 expression transiently
decreased plasma oxLDL without altering total
cholesterol, triglyceride, or LDL cholesterol levels.
A, Plasma total cholesterol (left) and triglyceride
(right) levels of LacZ mice (white bars) and LOX-1
mice (black bars) were measured after a 10-hour
fast 2 weeks after adenoviral administration (n=5
per group). B, Plasma samples (20 ul) from each
mouse were separated and analyzed by high-
performance liquid chromatography. Cholesterol
contents of LDL and high-density lipoprotein (HDL)
fractions were determined in LacZ mice (white
bars) and LOX-1 mice after a 10-hour fast 2 weeks
after adenoviral administration (black bars; n=3
per group). C, Plasma oxLDL levels were deter-
mined weekly until 4 weeks after adenoviral
administration in LacZ mice (©) and LOX-1 mice
(@, n=6 per group). Data are presented as
mean=SE. *P<0.05, **P<0.01.
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inflammation in the aortas of LOX-1 mice. OxLDL itself

reportedly induces oxidative stress in endothelial cells,
smooth muscle cells, and macrophages. resulting in a vicious
cycle of atherogenic plaque formation.” Taken together, these
results show that oxLDL removal from circulating blood may
decrease systemic oxidative stress and inflammatory re-

sponses by blocking this vicious cycle, thereby exerting
further beneficial effects against atherosclerosis.

Discussion
Several clinical studies have shown that lowering LDL
cholesterol inhibits the progression of atherosclerosis.” The
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£ Figure 4. Hepatic LOX-1 expression completely
E inhibited atherosclerosis progression. A, Aortic
a atherosclerosis was evaluated as the Oil Red
3 40+ O-positive area. B, The Oil Red O-positive areas
;| were quantified and expressed as percentages of
2 the total aortic area in baseline (46-week-old) mice
o (gray bars; n=9), 50-week-old LacZ mice (white
'Q 20+ bars; n=13), and 50-week-old LOX-1 mice (black
bars; n=13). Representative histological findings of
3 , 9
the whole aorta are shown in A. Data are present-
ed as mean=SE. **P<0.01.
R
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K
beneficial effects of statin therapy for reducing both athero- induce regression of thoracic aortic plaques, as evaluated by
genic lipoproteins and cardiovascular mortality have been magnetic resonance imaging.’” Moreover, aggressive lipid-
established in this decade. In the present study, despite not lowering therapy, ie, LDL cholesterol removal, with LDL
altering plasma LDL cholesterol levels, hepatic LOX-1 ex- apheresis produced remarkable regression of coronary ath-
pression completely inhibited atherosclerotic progression. erosclerotic plaques.*® Here, in LOX-1 mice, atherosclerotic
Thus, oxLDL, but not other LDL fractions, is likely to have progression was completely inhibited despite a very transient
a major impact on atherosclerosis development. oxLDL decrease, suggesting not only preventive but also
In recent reports, LDL cholesterol reduction was shown not therapeutic effects of oxLDL removal. In addition, smooth
only to inhibit coronary atheroma progression** but also to muscle cells persisted in plaques, particularly in plaque
A B«
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Figure 5. Macrophages and smooth muscle cells in established plaques of LOX-1 mice. A, B, Macrophage depositions were deter-
mined immunohistochemically with anti-macrophage (mac-3) antibody (A), and positive areas were measured as the lesion percentage
of whole plaques (B). C, D, Smooth muscle cell infiltration was determined immunohistochemically with anti-smooth muscle actin
(SMA) antibody (C), and positive areas were measured as the lesion percentage of whole plaques (D). Representative histological find-
ings of the plaque are shown in A and C.
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Figure 6. Hepatic LOX-1 expression altered oxidative stress-related plasma parameters. Plasma monocyte chemotactic protein-1 (A),
adiponectin (B), and lipid peroxide (C) levels were determined 2 weeks after adenoviral administration to LacZ mice (white bars) and
LOX-1 mice (black bars; n=6 per group). Data are presented as mean=SE. *P<<0.05.

surface areas of LOX-1 mice. OxLDL reportedly enhances

apoptosis of smooth muscle cells.*'-#* Therefore, removal of

oxLDL from circulating blood may affect the characteristics
of plaque lesions by inhibiting apoptosis of smooth muscle
cells infiltrating plaque lesions.

Intriguingly. the plasma level of adiponectin, which pre-
vents atherosclerosis development and improves insulin sen-

sitivity, increased with hepatic LOX-1 expression. It was
reported that systemic oxidative stress correlates negatively
with plasma adiponectin in human subjects* and decreases
adiponectin expression in adipocytes.’” On the other hand,
plasma MCP-1 levels were suppressed in LOX-1 mice.
Oxidative stress may induce MCP-1 upregulation in vascular
smooth muscle cells, leading to atherosclerosis formation by
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Figure 7. Relative amounts of mRNAs of proteins related to oxidative stress or inflammation in the aorta. On day 5 after LacZ
(white bars) or LOX-1 (black bars) adenovirus administration to 24-week-old apoE-deficient mice, relative amounts of mRNA of
proteins related to oxidative stress (A) or inflammation (B) in the aorta were determined by quantitative RT-PCR and corrected
with GAPDH as the internal standard (n=9 in LacZ mice, n=11 in LOX-1 mice). Data are presented as mean+SE. GST indicates
glutathione S-transferase; MnSOD, manganese superoxide dismutase; and IL-6, interleukin-6. *P<0.05, **P<0.01.
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promoting recruitment of inflammatory cells to the vessel
wall.’ We cannot rule out the possibility that LOX-1 ex-
pressed in the liver scavenges other pro-oxidant molecules.
However, it was reported that oxLDL itself potently induces
oxidative stress.” Therefore, oxXLDL removal from circulat-
ing blood is likely to decrease systemic oxidative stress.
resulting in adiponectin upregulation and MCP-1 downregu-
lation, thereby exerting further beneficial effects against
atherosclerosis.

The effectiveness of antioxidant therapy against athero-
sclerosis is controversial.'*-'S In murine models, administra-
tion of antioxidants effectively reduces atherosclerosis.'> On
the other hand, most clinical trials yielded negative results.'s
This may be at least partly due to insufficient antioxidant
effects of natural and synthetic compounds when adminis-
tered to human subjects. In a randomized placebo-controlled
study in healthy adults, daily administration of vitamin E at
doses as high as 2 000 mg did not affect the breakdown of
lipid peroxidation products despite a substantial increase in
plasma vitamin E concentrations.*S In addition, high doses of
these antioxidants reportedly have adverse effects,'s includ-
ing the pro-oxidant effects of vitamin E at high doses.*®
Therefore, clinical application of these antioxidants seems (o
be limited. Thus, the present results provide a potential new
therapeutic target because the antiatherogenic effect was
observed after transient lowering of oxLDL.

Conclusions

LOX]1 expressed in the liver transiently removes oxLDL from
circulating blood without altering total cholesterol or LDL
cholesterol levels and is likely to decrease systemic oxidative
stress, resulting in complete inhibition of atherosclerosis
development in aged apoE-deficient mice. This study pro-
vides strong evidence of the major atherogenic impact of
oxLDL. Removal of oxLDL, even transiently, is a promising
therapeutic strategy for blocking the vicious cycle that leads
to atherosclerosis.
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CLINICAL PERSPECTIVE

A consensus has been reached that lowering plasma low-density lipoprotein (LDL) inhibits atherosclerosis progression.
However, whether lowering plasma oxidized LDL (oxLDL) alone contributes to preventing atherosclerosis remains
uncertain. The antiatherogenic effects of antioxidant therapy that may inhibit oxLDL formation are controversial because
most clinical trials yielded negative results. Here. it has been shown that removal of oxLDL from the circulation has a very
strong effect against atherosclerosis. In this study. lectin-like oxLDL receptor 1 (LOX-1), an oxLDL receptor, was
expressed ectopically in the livers of apolipoprotein E-deficient mice (LOX-1 mice), using adenoviral gene transfer, to
remove oxLDL from the circulation. Intriguingly, a transient decrease in plasma oxLDL, without affecting non-oxLDL
cholesterol levels, completely inhibited atherosclerotic progression. Systemic oxidative stress was shown to be decreased
in LOX-1 mice. Thus, oxLDL plays very important roles in atherosclerosis formation, and the underlying mechanisms may
involve both direct (foam cell formation) and indirect (increased oxidative stress) effects. In addition, smooth muscle cells
in the surface areas of atherosclerotic plaques were increased in LOX-1 mice. suggesting that oxLDL makes plaques
vulnerable, possibly leading to plaque ruptures. Thus, the results of this study provide potential therapeutic targets for
atherosclerosis, ie, treatments that would potently lower plasma oxLDL, including inhibition of oxLDL formation and
removal of oxLDL from the circulation. These promising strategies may contribute to the prevention of not only
atherosclerosis formation but also the development of acute coronary syndrome.
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