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BACKGROUND: C-reactive protein (CRP) increases in re-
sponse to inflammation and is purported to be a risk
factor for atherogenesis. We recently demonstrated
that a scavenger receptor, lectin-like oxidized LDL re-
ceptor (LOX-1), is a receptor for CRP. In light of the
overlapping ligand spectrum of scavenger receptors
such as modified LDL, bacteria, and advanced glyca-
tion end products, we examined whether other scaven-
ger receptors recognize CRP.

MeTHODS: We analyzed the uptake of fluorescently la-
beled CRP in COS-7 cells expressing a series of scaven-
ger receptors and in a monocytic cell line, THP-1,
differentiated into macrophage with phorbol 12-
myristate 13-acetate (PMA). We applied small interfer-
ing RNA (siRNA) against class-A scavenger receptor
(SR-A) to THP-1 cells to suppress the expression of
SR-A. We also analyzed the binding of nonlabeled CRP
to immobilized recombinant LOX-1 and SR-A in vitro
using anti-CRP antibody.

resuLts: COS-7 cells expressing LOX-1 and SR-A
internalized fluorescently labeled CRP in a dose-
dependent manner, but cells expressing CD36, SR-BI,
or CD68 did not. The recombinant LOX-1 and SR-A
proteins recognized nonlabeled purified CRP and na-
tive CRP in serum in vitro. THP-1 cells differentiated
into macrophage-like cells by treatment with PMA-
internalized fluorescently labeled CRP. siRNA against
SR-A significantly and concomitantly inhibited the ex-
pression of SR-A (P < 0.01) and CRP uptake (P <
0.01), whereas control siRNA did not.

concLusions: CRP is recognized by SR-A as well as
LOX-1 and taken up via SR-A in a macrophage-like cell
line. This process might be of significance in the patho-
genesis of atherosclerotic disease.

Brief Communications

C-reactive protein (CRP)," which is synthesized by
hepatocytes in response to inflammation and tissue
damage (1), binds to various ligands exposed on dam-
aged tissues or bacteria promoting phagocytosis and
complement activation with Clq (1, 2). Plasma CRP
concentrations may rise as much as 1000-fold during
infection or inflammation (3). In addition, CRP con-
centrations, within the reference range, can predict
cardiovascular diseases (4, 5), and there is a good
correlation between plasma CRP concentrations and
the degree of atherosclerosis in hypercholester-
olemic rabbits (6).

Fcy receptors CD16, CD32, and CD64 have been
reported as the receptors for CRP (7-9). In addition,
we recently demonstrated that CRP increases vascular
permeability through a direct binding to lectin-like ox-
idized LDL receptor (LOX-1), which is expressed in
endothelial cells (10 ). Members of the scavenger recep-
tor family, such as class A scavenger receptor (SR-A),
CD36, LOX-1, and scavenger receptor B-I1 (SR-BI), rec-
ognize common ligands such as modified LDL, bacte-
ria, and advanced glycation end products, and they are
thought to affect the progression of atherosclerosis
(11, 12). In this study, to further elucidate the athero-
genic properties of CRP, we addressed whether other
scavenger receptors are involved in the recognition
of CRP.

Human sera with high and normal concentrations
of CRP were obtained from Dako. Human CRP puri-
fied from pleural fluid was purchased from Chemicon
(AG723). Sodium azide in the solution was extensively
removed by dialyzing 3 times against a 3000-fold vol-
ume of Dulbecco’s PBS (Wako). Gram-negative bacte-
rial endotoxins were undetectable by limulus amebo-
cyte lysate (Associates of Cape Cod), which can detect
as little as 0.03 endotoxin units per mL endotoxins.
CRP was fluorescently labeled with CypHer5E (GE
Healthcare) and dialyzed 3 times against a 3000-fold
volume of PBS.

COS-7 cells maintained with Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen)/10% fetal bovine
serum (FBS) were seeded 1 day before transfection. After
reaching 80%-90% confluency, we transfected the cells
with the plasmid using Lipofectamin 2000 transfection
reagent (Invitrogen). We used the following cDNAs: hu-
man LOX-1 (GenBank NMO002543), SR-A (GenBank
NMO002445), CD36 (GenBank NM000072), SR-BI (Gen-
Bank NMO005505), CD68 (GenBank NM001251), and

! Nonstandard abbreviations: CRP, C-reactive protein; LOX-1, lectin-like oxidized
LDL receptor; SR, scavenger receptor; DMEM, Dulbecco's modified Eagle's
medium; FBS, fetal bovine serum; siRNA, small interfering RNA; PMA, phorbol
12-myristate 13-acetate; SRA-C6, anti-SR-A antibody; DAPI, 4’,6-diamidino-2-
phenylindole.
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dectin-1 (GenBank NM197947), which were sub-
cloned into pcDNA6.2/V5/GW/D-TOPO expression
vector (Invitrogen). We used pcDNA3.1/V5-His/lacZ
(Invitrogen) as a control. After 48 h, we washed the
cells with DMEM:1% antibiotics and antimycotic
(AbAm; Invitrogen). We replaced the medium with
CypHer5E-CRP-containing DMEM/1% AbAm and
incubated the cells for 2 h at 37 °C. After washing with
PBS, the cells were fixed with phosphate-buffered for-
malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the expression of each recep-
tor by immunostaining with anti-V5 antibody (Nacalai
Tesque) combined with Alexa 488 antimouse IgG (In-
vitrogen). The nuclei of the cells were counterstained
with 0.5 mg/L 4',6-diamidino-2-phenylindole (DAPI)
(Sigma). We divided the fluorescence intensities of
CypHer5E and Alexa 488 by the cell number in a field,
then divided the CypHerSE-CRP fluorescence inten-
sity in the field by the Alexa 488 fluorescence value.
These quantitative analyses were performed with an IN
Cell Analyzer 1000 system (GE Healthcare).

We prepared recombinant human SR-A (amino
acids 76 -358) as described for LOX-1 (10 ). Recombi-
nant human SR-A (0.1 ug) or BSA (0.1 ug, Sigma) was
immobilized to each well of 384-well plates (High
Bind; Corning) by incubating at 4 °C in PBS overnight.
After 2 washes with PBS, the plates were blocked with
80 L of 20% ImmunoBlock (DS Pharma)/PBS at 4 °C
for 8 h. After washing twice with PBS, we added CRP
in the reaction buffer (10 mmol/L HEPES, 150
mmol/L NaCl, 2 mmol/L CaCl,, 1% BSA, pH 7.0) to
each well and incubated them at 4 °C overnight. We
detected the binding of CRP with a TMB Peroxidase
EIA Substrate kit (Bio-Rad) as described for LOX-1
(10). We obtained small interfering RNA (siRNA)
duplex oligoribonucleotides targeting the SR-A cod-
ing region (GenBank NM002445) from Invitrogen
and used stealth RNAi duplex (Invitrogen) as a neg-
ative control. The siRNA sequences were as follows:
5'-GAUAUAACUCAAAGUCUCACGGGAA-3',5'-U
UCCCGUGAGACUUUGAGUUAUAUC-3" and 5'-C
AGACCUUGAGAAAUAUCACUUUAA-3', 5'-UUA
AAGUGAUAUUUCUCAAGGUCUG-3'.

THP-1 cells were maintained with 10% FBS/1%
AbAmM/20 pwmol/L mercaptoethanol:RPMI 1640 and
differentiated with 100 nmol/L phorbol 12-myristate
13-acetate (PMA) (Sigma) for 48 h. We transfected the
cells with siRNA oligos or control siRNA using Lipo-
fectamin 2000 transfection reagent (Invitrogen) ac-
cording to the manufacturer’s instruction. After incu-
bation at 37 °C for 24 h, we washed the cells with RPMI
1640/1% AbAm and replaced the medium with
CypHer5E-CRP-containing RPMI 1640/1% AbAm,
and the cells were incubated for 2 h. After washing with
PBS, the cells were fixed with phosphate-buffered for-
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malin (Wako) and permeabilized with 0.1% Triton
X-100/PBS. We detected the effects of downregulation
of SR-A gene expression by immunostaining with anti-
SR-A antibody (SRA-C6; Trans Genic Inc) combined
with Alexa 488 antimouse IgG. For detection of Fcy
receptors, we used anti-CD32 antibody (AT10; Santa
Cruz) and anti-CD64 antibody (10.1; Santa Cruz). For
CRP detection, we used anti-CRP antibody (Bethyl).
The nuclei of the cells were counterstained with 0.5
mg/L DAPI. We divided the fluorescence intensities of
CypHer5E and Alexa 488 by the cell number in a field.
Quantitative analysis was performed with an IN Cell
Analyzer 1000 system. All transfections were per-
formed in triplicate.

All data are presented as mean (SE). Statistical
analysis was performed with Student #-test. A P value
<C0.05 was considered statistically significant.

We examined whether CRP binds to scavenger
receptors: LOX-1, SR-A, CD36, SR-BI, CD68, and
dectin-1. Dectin-1 has the closest structural similarity
to LOX-1 and belongs to C-type lectin-like molecule,
although it is not a member of scavenger receptors.

Alexa546-labeled CRP at the concentration of 1
mg/L at 4 °C bound significantly to LOX-1-expressing
cells (P < 0.01) but bound poorly to the cells express-
ing the other receptors (Supplemental Fig. 1, which
accompanies the online version of this article at www.
clinchem.org/content/vol56/issue3). Cellular uptake
of CypHer5E-labeled CRP, which shows fluorescence
after endocytosis, was significantly higher in SR-A-
expressing cells, in a dose-dependent manner (1-30
mg/L), as well as in LOX-1-expressing cells, compared
with cells expressing the other receptors (Fig. 1). Im-
munostaining with anti-V5 antibody revealed that all
the receptors were expressed at a similar level in the
respective cells.

Using anti-CRP antibody, we confirmed that non-
labeled CRP was also taken up by SR-A-expressing
COS-7 cells. We further observed a significant binding
of nonlabeled CRP (0.1-1 mg/L) to immobilized re-
combinant SR-A (P < 0.01) (online Supplemental Fig,
2). The binding was not affected by polymyxin B (5
mg/L), suggesting that it did not depend on the pres-
ence of endotoxin. Importantly, native CRP contained
in human serum showed significant binding to SR-A,
as well as to LOX-1 (P < 0.01) (online Supplemental
Fig. 3). The binding was dependent on the concentra-
tion of CRP in the serum, suggesting that SR-A and
LOX-1 have a capacity to bind to a native form of CRP
in serum in the presence of other plasma proteins.
These results indicate that SR-A and LOX-1 are the
receptors for CRP among the examined receptors.

Because SR-A works in the monocyte-macrophage sys-
tem, we assessed whether CRP is taken up by macro-
phages via SR-A. We used a human monocytic cell line,
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Fig. 1. Quantitative analyses of CypHer5E-CRP taken
up by COS-7 cells expressing LOX-1, SR-A, CD36, SR-
Bl, and dectin-1.

Signals observed in the cells transfected with pcDNA3.1/
V5-His/lacZ were considered as non-specific background.
*Significant difference vs. negative control (P < 0.01).

THP-1, after inducing differentiation into macro-
phage by the treatment of PMA (13 ). In PMA-treated
THP-1 cells, CypHer5E-CRP was taken up in a dose-
dependent manner (0.3-30 mg/L). SR-A expression
and CRP uptake were concomitantly suppressed by 2
different siRNAs targeting SR-A, but not by control
siRNA (Table 1). The siRNA targeting SR-A did not
affect the expression of Fcy receptors (data not shown),
indicating that CRP is taken up mainly via SR-A in a
macrophage cell line, at least under these conditions.

The ligand specificity of the scavenger receptor
family overlaps considerably (11, 12 ), and while all can
bind to oxidized LDL, only SR-A or LOX-1 bound to
CRP. Interestingly, dectin-1, the most structurally sim-
ilar molecule to LOX-1, did not bind to CRP.

Using a monoclonal antibody, a previous report sug-
gested the presence of an unknown receptor other than
Fcty receptors in macrophages (14). It has been reported
that fucoidin, a ligand for SR-A, inhibits the in vivo CRP-
promoted uptake of oxidized LDL (15 ). SR-A might be
the unidentified CRP receptor. Fcy receptors and SR-A
are under different regulation of gene expression. In fact,
in response to differentiation stimulus of PMA, the ex-
pression of SR-A is strongly induced, whereas the expres-
sion of Fcy receptors is suppressed (16, 17). Conversely,
stimulation by interferon-y enhances the expression of
Fcy receptors but suppresses the expression of SR-A (18 ).
These results suggest that Fcry receptors and SR-A would
work in the cells stimulated by different molecules.

Table 1. Suppression of the uptake of
fluorescently labeled CRP by siRNA against SR-A in
differentiated THP-1 cells.?

siRNA SR-A expression, %  CypHer5E-CRP, %
None 103 (3.2) 108 (9.1)
Control siRNA 100 (2.7) 100 (9.8)
siRNAT for SR-A 17 (1.6)° 31 (3.9°
siRNA2 for SR-A 13(0.0)° 320110

2 Data are as mean (SE).
b Significant difference vs control siRNA groups (P < 0.01).

Interestingly, the activity of SR-A as CRP receptor
was more pronounced in the uptake of CRP, whereas
LOX-1 showed strong activity in both binding and up-
take. Because SR-A works in phagocytes, the CRP up-
take activity of SR-A is reasonable. CRP was originally
identified as a binding protein for bacterial component
C-polysaccharide (3). SR-A may function to engulf
bacteria, viruses, and harmful substances opsonized by
CRP in a context of innate immunity.

Related to epidemiological risk factors for cardiovas-
cular disease, the presence of CRP in atheroma has been
reported in both rabbits and humans (6). Furthermore,
the colocalization of CRP and SR-A in macrophages in
atheromas has been reported (19). Taking these reports
together with the present results, SR-A-mediated CRP
uptake by macrophages in atheromas might affect the
foam cell formation and progression of atherosclerotic
disease.
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LOX-1 mediates vascular lipid retention under

hypertensive state
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Objectives Hypertension is a powerful independent risk
factor for atherosclerotic cardiovascular diseases; however,
the precise molecular mechanisms whereby hypertension
promotes atherosclerotic formation remain to be
determined. The interaction between oxidized low-density
lipoprotein (oxLDL) and its receptor lectin-like oxidized low-
density lipoprotein receptor-1 (LOX-1) plays a critical role in
atherogenesis. To clarify how hypertension promotes
atherosclerosis, we investigated specific roles of LOX-1 in
acceleration of lipid deposition under a hypertensive state.

Methods We employed a model of stroke-prone
spontaneously hypertensive rats (SHR-SP) that exhibits
acute lipid deposition in mesenteric artery induced by high
fat and salt loading. These vascular lipid deposition lesions
share similar characteristics with the initial lesions of
human atherosclerosis.

Results The enhanced LOX-1 expression in SHR-SP was
associated with oxidized LDL deposited in vascular wall.
Anti-LOX-1 neutralizing antibody dramatically suppressed
the lipid deposition in vivo in SHR-SP. Vitamin E decreased
serum oxLDL-like LOX-1 ligands, and suppressed the
vascular lipid deposition. The vascular permeability,
evaluated by the leakage of Evans blue, was markedly
enhanced by pretreatment of oxLDL. The enhancement of
vascular permeability induced by oxLDL was suppressed by
anti-LOX-1 antibody.

Introduction

An elevation of either systolic or diastolic pressure is a
powerful independent risk factor for atherosclerotic car-
diovascular diseases [1]. Yamori e a/. [2] presented
important findings, soon after the development of spon-
tancously hypertensive rats (SHR). Namely, SHR rapidly
developed arterial lipid deposition in mesenteric artery
and the basilar artery as well as a greater hypercholester-
olemic response within two weeks when fed a high-fac
diet and 1% salt loading in drinking water [2,3]. This
rapid accumulation of lipids, which is referred to as acute
atherosis, shares similar characteristics with fatty streak
of the initial atherosclerotic lesion. This experimental
model, therefore, is useful and appropriate for analyzing
pharmacological effects of various substances on the
process of atherosclerosis.
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Conclusion The enhanced expression and activation
of LOX-1 mediated the enhancement of vascular
permeability, which contributed to the vascular lipid
accumulation under hypertensive states. J Hypertens
28:000-000 © 2010 Wolters Kluwer Health ] Lippincott
Williams & Wilkins.
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Since the proposal of ‘the response to endothelial injury/
dysfunction hypothesis’ [4], the role of endothelial cells
in the pathogenic mechanisms of atherosclerosis have
been well recognized. On the contrary, ‘the response-to-
retention model’ in early atherosclerosis [5,6] proposed
that the retention of lipoprotein in the vessel wall is
esscntial for atherogenesis. Indeed, it is reported that
the above-mentioned fatty streak lesion can be found
even in young children and infants. The lipid retention,
so-called acute atherosis, is also well documented in the
maternal vasculature of women with preeclampsia [7,8].

Lectin-like oxidized low-density lipoprotein receptor-1
(LOX-1) was identified as the recepror for oxidized
low-density lipoprotein (oxILDL) on endothelial cells
[9]. Since this discovery, accumulating evidence has
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suggested that the atherogenic properties of oxLLDL
affecting endothelial cells are mediated mainly via
LOX-1. OxLDL induces endothelial dysfunction/apopto-
sis, a major change in vascular biology observed at the
beginning of atherogenesis through [LOX-1-mediated
pathway [10}. Furthermore, the binding of ligands to
LOX-1 induces the activation of NADPH oxidase [11—-
13], which leads to oxidatve stress in the vessel wall.
[.OX-1is dynamically up-regulated by various atherogenic
substances such as advanced glycated end products, angio-
tensin 11, and oxLDL itself [14-16]. Furthermore, the
expression of LOX-1 is enhanced under various proathero-
genic conditions, such as diabetes, hypertension [17], and
dyslipidemia [18-20]. Reflecting the proatherogenic pro-
perties of LOX-1, disruption of LOX-1 gene in mice
actually preserved endothelial function and reduced ather-
ogenesis under hyperlipidemia. Recently, Sankaralingam
et al. [21] reported the enhanced expression of [LOX-1 in
association with the condition of preeclampsia.

In the present study, we sought to establish the role of
LOX-1 in the arterial wall lipid deposition under hyper-
tension, utilizing SHR-SP. Here, we present the experi-
mental resules, which link endothelial dysfunction and
vascular lipid retention model via LOX-1.

Materials and methods

Animals

All protocols were approved by the Institutional Animal
Care and Use Committee of the National Cardiovascular
Center. Eight-week-old male SHR-SP and Wistar—Kyoto
rats (WKY) (Japan SL.C, Hamamatsu, Japan) were fed
with high-fat chow (1.25% cholesterol, 0.5% cholate, 20%
milk casein, 15% cocoa butter; a-tocopherol: 2 mg/kg
chow) and physiological saline (9g/l NaCl) instead of
drinking water. To evaluate the involvement of LOX-1-
mediated pathway, anti-LLOX-1 antibody (TS20; 10 mg/
kg body weight) or nonimmune mouse lgG (I5381;
10mg/kg body weight, Sigma-Aldrich, St. Louis,
Missouri, USA) was administered via a tail vein two
times, just before and on the fourth day of a week’s
loading. 'T'S20 is the antibody formerly named JTX20
[22]. To some animals indicated in the results, the high-
fat diet supplemented with «-tocopherol (50 mg/kg
chow) was fed. Body weight and blood pressure were
measured before loading and every other day during the
examination. Blood pressure was determined by a non-
invasive tail cuff and pulse transducer system (BP-98A;
Softron, Tokyo, Japan).

After the loading period, the rats were euthanized with
inhalation of diethyl ether. The abdominal cavity was
immediately opened, and a systemic venous blood
was sampled from inferior vena cava. Then, the rat was
perfused systemically with physiological saline solution.
The mesentery was excised out with intestine. Then, the
enteric canal and mesenteric fat and vein were removed to

isolate mesenteric artery. Serum levels of total cholesterol
('T'C), triglyceride, phospholipids, and high-density lipo-
protein (HDL) were determined using commercially
available reagent kits (Wako, Tokyo, Japan).

Quantitative reverse transcription-polymerase chain
reaction

Expression of LOX-1 mRNA in rat mesenteric artery was
evaluated by quantitative reverse transcription—polymer-
ase chain reaction (QRT-PCR). Complementary DNA
was synthesized with total RNA (1 pg/ml per sample) and
random hexamers using SuperScript I1I RNase H-reverse
transcriptase (Invitrogen, Carlsbad, California, USA).
Aliquots from each ¢DNA solution were subjected to
QRT-PCR using a primer pair and a quencher specific
to rat LOX-1 sequence (Rn00591116) using TagMan
Universal PCR Master Mix (Applied Biosystems, Foster
City, California, USA). A GAPDH fragment was ampli-
fied as an internal control. Data are expressed as the ratio
of LOX-1 to GAPDH mRNA.

Whole-mount immunohistochemistry

The segments of mesenteric artery were fixed with 2%
formalin, and incubated consecutively with 1 mg/ml
of dispase/PBS, 2% formalin/0.2% 'Triton X-100/PBS,
methanol at —20°C, and 0.1% Triton X-100 in Tris-
buffered saline. After blocking, the tissues were stained
with Cy3-labeled antibovine LLOX-1 antibody (TS20,
5 pg/ml) or Cy3-labeled mouse IgG as a negative control.
The tissues were dehydrated in graded alcohols, and
cleared in xylene. A whole-mount immunohistochemical
image was obtained by a confocal laser microscope
(Fluoview; Olympus, Tokyo Japan).

Oil Red O staining of accumulated lipid in mesenteric
arteries

Oil Red O staining was used to detect lipid deposition in
mesenteric arteries. The isolated mesenteric artery was
fixed with 10% formalin, and washed with PBS. After
flushing with 60% isopropanol for 5 min at room tempera-
ture, the blood vessel was incubated for 15 min at 55°C
with 0.6% Oil Red O (Merck KGaA, Darmstadt,
Germany) in 60% isopropanol. Then, the vessel was
serially rinsed with 60 and 30% isopropanol, and PBS.
The number of lipid deposits was manually counted
under the stereomicroscope (Stemi 2000; Carl Zeiss,
Gottingen, Germany).

Immunohistochemistry

Freshly frozen cross-sections of mesenteric artery were
fixed with 10% formalin. The sections were incubated
with 25% Block Ace (Dainippon Sumitomo Pharma,
Osaka, Japan) and 5% donkey serum at 4°C overnight.
The sections were incubated with anti-LLOX-1 antibody
(1 wg/ml, TS20), rabbit anti-oxLLDL. antiserum (1/100,
AB3232; Chemicon, Temecula, California, USA), anti-
smooth muscle actin (1 pg/ml, 1A4; DAKO, Carpinteria,
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California, USA) or anti-rat macrophage (1 pg/ml, RM-4,
TransGenic, Kumamoto, Japan) at 4°C overnight. The
sections were then incubated with Biotinylated Link
(DAKO), and visualized with Alexa 633 or 546 strepta-
vidin (Invitrogen), or with streptavidin-horseradish per-
oxidase in combination with diaminobenzidine (DAB).

Measurement of serum LOX-1 ligands

Serum concentration of LOX-1 ligands was determined
by sandwich enzyme-linked immunosorbent assay, as
described previously [23].

In vivo Dil-oxLDL uptake analysis

Oxidized LDL and Dil-oxlLDIL. were prepared as
described previously [9]. One hour after the treatment
with anti-LOX-1 antibody ('T'S20; 10 mg/kg body weight)
or mouse lgG (10 mg/kg body weight), SHR-SP were
administrated with Dil-oxILDL (10 mg/kg body weight)
via tail vein. After 1h, the whole mesenteric artery was
isolated, and fluorescence of the deposited Dil-oxLDL
was observed with a macro fluorescence microscope
(MVX10; Olympus) equipped with a cooled CCD camera
(ORCA-1394-ER; Hamamatsu Photonics, Hamamatsu,
Japan). The distribution of Dil-oxLDL was quantitat-
ively estimated by integration of fluorescence of Dil in
the vessels. The data are expressed as mean fluorescence
intensity (MFI) per unit area of mesenteric artery in
the photograph.

Ex-vivo perfusion experiment of isolated mesenteric
artery

Segments of mesenteric artery with 100-150 pm internal
diameter were isolated in a length of 1-1.5cm each. The
arterial segments were cannulated at both ends and the
side branches were ligated. They were then perfused with
Krebs-Ringer solution (KRS) (NaCl 155mmol/l, KCI
3Immol/l, CaCl, 2mmol/l, MgCl, 1 mmol/l, NaH,PO,
3mmol/l, HEPES 5 mmol/l, glucose 10 mmol/l) containing
10 pg/ml 'T'S20 or control IgG for 30 min, and with the
same buffer with or without oxIL.DL (30 pg/ml) for 30 min.
Then, the arterial segments were perfused with 1 pg/ml of
Dil-oxLDL/KRS for 15 min, or with 0.1 pg/ml of Evans
blue/KRS for 10min. The vessels were washed with
PBS for 5min and fixed with 4% paraformaldehyde, and
subjected to the microscopic analysis. The uptake of
Dil-oxLLDL or leakage of Evans blue of the arterial seg-
ments was semi-quantitatively estimated by integration of
fluorescence of Dil or Evans blue in arterial segments. The
data are expressed as MIFT per unit area of arterial segment
in the photograph.

Statistical analysis

All data are presented as mean == SEM. Statistical analysis
between two groups was performed by the Mann-—
Whitney’s U-test. Multiple comparisons were done using
analysis of variance (ANOVA) with Bonferroni post-hoc
analysis. Pvalue less than 0.05 was considered as significant.

Lipid retention via LOX-1 under hypertension Nakano et al. 3

Results

Enhanced expression of LOX-1 in SHR-SP

QRT-PCR demonstrated that LOX-1 mRNA expression
in the mesenteric artery of SHR-SP was 3.5 times higher
than that of WKY rats before high-fat dict and saline
loading (Fig. 1a). Whole-mount immunostaining using
Cy3-labeled anti-1LOX-1 antibody further showed abun-
dant LOX-1 expression in SHR-SP, whereas only negli-
gible expression was observed in WKY rats (FFig. 1b).

High-fat and salt diet-induced lipid deposition in SHR-
SP

Loading with high-fat diet and saline dramatically
induced lipid deposition in the mesenteric arteries of
SHR-SP, whereas no deposition was observed in control
WKY rats. Interestingly, the lipid deposition observed in
mesenteric artery was regionally localized and dotted
throughout the branches (Fig. 2a). High-fat diet and
saline loading resulted in elevation of total serum cho-
lesterol in both rat strains, whereas arterial blood pressure
was increased in SHR-SP, but not in WKY. Lipid depo-
sition was observed in SHR-SP in as early as 1 week of
high-fat diet and saline loading, whereas WKY showed
negligible lipid deposition (Fig. 2b). Thus, the mesen-
teric arteries of SHR-SP were highly susceptible to
lipid deposition.

Relationship of LOX-1 expression with lipid
accumulation

Next, we investigated spatial relationship between LOX-
1 and oxLDL in the mesenteric arteries. OxLDL was
accumulated in medial smooth muscle layer (Fig. 3a), and
associated with LOX-1 expression (Fig. 3b). The expres-
sion of LOX-1 was observed in endothelium as well as
smooth muscle cells (Iig. 3b-d). Immunoreactivity of
macrophages was not observed in these lesions (Fig. 3e).

Fig. 1
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Enhanced expression of LOX-1 in mesenteric arteries of SHR-SP.

(a) Comparison of LOX-1 mRNA expression in mesenteric arteries
between SHR-SP and WKY prior to high-fat diet and saline loading
(n=11, **P<0.005). (b) LOX-1 protein expression in mesenteric
artery of SHR-SP and WKY rats detected by anti-LOX-1 antibody.
Orange and green fluorescence represent the expression of LOX-1 and
auto-fluorescence of internal elastic layer, respectively. LOX-1, lectin-
like oxidized low-density lipoprotein receptor-1; SHR-SP, stroke-prone
spontaneously hypertensive rats; WKY, Wistar—Kyoto rats.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



4 Journal of Hypertension 2010, Vol 28 No 00

Fig. 2

(b)

£ 600 =
2 2
3 €
by E
2 o
° 18]
2 =
o |

2 3 4 5 0 1 2 3 4 5
Weeks Weeks Weeks

Lipid deposition in mesenteric artery of SHR-SP and WKY after high-fat (HF) diet and saline loading. (a) Oil Red O staining of lipid deposition in
mesenteric artery of SHR-SP and WKY after 1, 2 and 5 weeks of HF diet and saline loading. Each upper panel shows the whole branches of
mesenteric artery at low magnification and each lower panel shows arteries at high magnification. (b) Time-dependent increase in the number of
vascular lipid deposits during HF diet and saline loading. (c) Comparison of mean blood pressure (MBP) between SHR-SP and WKY after HF diet
and saline loading. Mean blood pressure of SHR-SP was significantly higher compared with WKY. (d) Comparison of serum cholesterol between
SHR-SP and WKY after HF diet and saline loading. The levels of total serum cholesterol in both groups were increased by HF diet and saline loading
(n=5, *P<0.05, **P< 0.005). SHR-SP, stroke-prone spontaneously hypertensive rats; TC, total cholesterol; WKY, Wistar—Kyoto rats.

Suppression of lipid accumulation by the inhibition of concentration notably increased in the group of anti-
LOX-1 LLOX-1 antibody treatment (Fig. 4d).

The aforementioned histological findings prompted us to

investigate whether LOX-1 mediates the vascular lipid To clarify the significance of oxidative stress, the effects
accumulation in SHR-SP. Lipid deposition in SHR-SP  of vitamin E, a lipophilic antioxidant, were examined. As
was significantly reduced by treatment with anti-LLOX-1 shown in Fig. 5a and b, vitamin E potently suppressed
antibody (Fig. 4a, b). Blood pressure was not significantly ~ vascular lipid deposition. Concomitantly, the increase in
different between the two groups (Fig. 4c¢), although T'C serum levels of LOX-1 ligands induced by a high-fat diet
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Immunostaining analysis of the frozen section at a fat deposit in
mesenteric artery of SHR-SP after one week of HF diet and saline
loading. (a) Accumulation of oxLDL detected by anti-oxLDL antiserum.
OxLDL accumulation was visualized with Alexa546-streptavidin
(orange). (b) Expression of LOX-1 detected by anti-LOX-1 antibody.
LOX-1, visualized with Alexa633-streptavidin (blue) was expressed in
medial smooth muscle layer and intima. Green fluorescence indicates
auto fluorescence of the internal elastic layer. (c) Image in high
magnification of the yellow square area of (b). The expression of LOX-1
was observed in endothelial cells as well as smooth muscle layer.

(d, e) Inmunochemical staining of smooth muscle (d) and macrophages
(e) of serial cryosection visualized with DAB (brown). Nuclei were
counter-stained with Mayers hematoxyline. DAB, diaminobenzidine;
LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; oxLDL,
oxidized low-density lipoprotein; SHR-SP, stroke-prone spontaneously
hypertensive rats.

was also significantly reduced by vitamin E (Fig. Se).
Taken together, functional blocking of LOX-1 or
reduction in oxidative stress efficiently suppressed the
arterial lipid deposition. It is noteworthy that the levels of
arterial blood pressure were not significantly reduced by
the treatment of anti-LOX-1 antibody, or vitamin E.

Enhanced uptake of oxLDL in mesenteric artery of SHR-
SP

The involvement of LOX-1 in lipid accumulation was
further examined by analyzing the distribution of Dil-
oxLDL. Dil-oxLDL, administered intravenously to
SHR-SP was regionally taken up in mesenteric artery
(Fig. 6a, b). This acute distribution of Dil-oxLLDL was
suppressed by pretreatment with anti-LLOX-1 antibody
(Fig. 6a, b). These findings indicate that the oxLLDL
distributed via LOX-1-mediated pathway possibly con-
tributes to localized lipid deposition in the vessel wall.

To further examine the accumulation of oxLLDL via
[LOX-1-mediated pathway, ex-vivo perfusion experiment
was also performed. Perfusion of isolated SHR-SP
mesenteric artery with Dil-oxLDL induced accumu-

Anti-LOX-1 Ab

(b) (c) (d) B -
—~ * % N.S. —
c — - ) F= 500
— 200 > 150 L =
= T S 400
@ 150 £ )
a £ 100 £ 300
= 100 i O 200
3 50 s 50 =
2 100
1gG  Anti-LOX- 1gG  Anti-LOX- 19G  Anti-LOX-
1Ab 1Ab 1Ab

Effects of anti-LOX-1 antibody on vascular lipid deposition induced by
high-fat diet and saline loading. (a) Suppression of vascular lipid
deposition by anti-LOX-1 antibody. (b) Effects of anti-LOX-1 antibody
on the number of lipid deposits. (c) Effects of anti-LOX-1 antibody on
arterial blood pressure. (d) Effects of anti-LOX-1 antibody on serum
cholesterol concentration (=11, *P < 0.05, **P < 0.005). LOX-1,
lectin-like oxidized low-density lipoprotein receptor-1; MBP, mean
blood pressure; TC, total cholesterol.

lation of Dil-oxLLDL in the vessel wall (Fig. 6c, d,
control). Pretreatment with oxLLDL increased the

accumulation of Dil-oxLDL, which was suppressed with
anti-LOX-1 antibody (Fig. 6¢, d, oxLDL).

Enhancement of vascular permeability via LOX-1-
mediated pathway

Next, the regulation of vascular permeability via LOX-1
pathway was evaluated by exudation of Evans blue in
mesenteric artery. £x v/vo perfusion experiment demon-
strated that the pretreatment with oxLDL increased
exudation of Evans blue from luminal surface of the
isolated mesenteric arteries of SHR-SP, which was sup-
pressed by anti-LOX-1 antibody (Fig. 7a, b).

Discussion

In the hypertensive state, mechanical stress induced by
hemodynamic forces such as shear stress and stretch force
is one of the most important factors contributing to
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Effects of vitamin E on vascular lipid accumulation. (a) Suppressive
effects of high dose of vitamin E on lipid deposition induced by high-fat
diet and salt loading. (b) Quantitative analysis of vitamin E effects on
vascular lipid deposition induced by high-fat diet and salt loading.

(c) Effects of vitamin E on arterial blood pressure. Vitamin E exerted no
influence on mean blood pressure. (d) Effects of vitamin E on serum
cholesterol levels. Administration of high dose of vitamin E increased
total serum cholesterol levels. () Changes in LOX-1 ligand by high-fat
diet containing low or high dose of vitamin E (n=6, *P < 0.05,

#*P < 0.005). LOX-1, lectin-like oxidized low-density lipoprotein
receptor-1; MBP, mean blood pressure; TC, total cholesterol.

endothelial dysfunction/injury. Derangement of humoral
factors, caused by enhanced activity of renin-angiotensin
and sympathetic nervous systems, and increase in oxi-
dative stress further make the pathophysiology of hyper-
tension more complicated. Combination of high-fat diet
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Distribution of Dil-oxLDL to mesenteric arteries in vivo. (a) Suppressive
effects of anti-LOX-1 antibody on Dil-oxLDL accumulation (arrowhead)
in mesenteric artery in vivo. (b) Quantitative analysis of anti-LOX-1
antibody effect on the number of Dil-oxLDL accumulation foci in vivo
(n=6, *P < 0.05). (c) Accumulation of Dil-oxLDL in isolated mesenteric
artery from SHR-SP. The vessels were pretreated with (right) or without
oxLDL (left) in the presence of anti-LOX-1 antibody (lower) or IgG
(upper). (d) Quantitative analysis of Dil-oxLDL accumulation in
mesenteric artery in (c) (n =8, **P < 0.005). LOX-1, lectin-like oxidized
low-density lipoprotein receptor-1; oxLDL, oxidized low-density
lipoprotein; SHR-SP, stroke-prone spontaneously hypertensive rats.
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Enhancement of permeability in mesenteric artery via oxLDL-LOX-1
pathway. (a) Effects of oxLDL on permeability of isolated mesenteric
artery observed by Evans blue leakage. The vessels were pretreated
with anti-LOX-1 antibody (lower) or IgG (upper). (b) Quantitative
analysis of the vascular permeability of mesenteric artery in (a) (n=6,
*P < 0.05). LOX-1, lectin-like oxidized low-density lipoprotein receptor-
1; oxLDL, oxidized low-density lipoprotein.

with salt loading to SHR-SP is a suitable and appropriate
experimental model for the investigation of cellular
and molecular mechanisms of the earliest process of
atherosclerosis under hypertension and hyperlipidemia.
Employing this model here, we demonstrated that LOX-
1 mediates vascular lipid retention and augmentation of
vascular permeability. high-fat diet induced character-
istic localized lipid accumulation in mesenteric arteries
of SHR-SP. This vascular lipid accumulation was associ-
ated with the augmented expression of LOX-1 and
suppressed by the treatment of anti-LLOX-1 antibody.
These findings indicate that [LOX-1 enhances oxLLDL
retention to the vessel wall. Conversely, oxLDL
enhanced vascular permeability via LOX-1, leading to
further lipid retention. Thus, LOX-1 might play a critical
role in acute atherosis under hypertension. This vicious
cycle under enhanced expression of LOX-1 may explain
the molecular mechanisms of the response-to-retention
model of atherosclerosis.

Anti-LOX-1 antibody, when administered 7z vivo,
neither reduced blood pressure nor serum cholesterol
concentration. LOX-1 expression is enhanced in SHR-
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SP and salt-loaded Dahl salt-sensitive hypertension rats
[17], and reduction of blood pressure by either a calcium
channel blocker or hydralazine effectively suppresses the
expression of LOX-1 [24]. These findings suggest that
LOX-1 system might be in the downstream cascade of
hypertension. Enhanced expression of LOX-1 under
hypertensive state is further likely to promote lipid
deposition if hyperlipidemia coexists with hypertension.
Indeed, hypertension and hypercholesterolemia have
synergistic deleterious effects on coronary endothelial
function in association with augmented expression of
LOX-1 [25].

In hyperlipidemic rabbits, ApoB-containing LOX-I
ligands, presumably regarded as oxLLDL, are accumu-
lated in the plasma and atherosclerotic lesions [26].
Reflecting the elevated plasma levels of LOX-1 ligands,
the expression of LOX-1 in endothelium of hyperlipi-
demic rabbits is augmented. This observation is
explained by the experimental results that oxLDL itself
induces the expression of LOX-1 in endothelial cells [19].
In the present investigation, the levels of LOX-1 ligands
including oxLLDI, were increased by high-fat diet and
reduced by vitamin E. Vascular lipid accumulation was
also suppressed by vitamin E. From these findings, we
speculate that enhanced expression of LOX-1 in the
vasculature associated with elevated levels of LOX-1
ligands in the blood stream might be an important driving
mechanism for atherogenesis. Indeed, direct blockade
against LOX-1 significantly prevented lipid accumu-
lation in arterial wall, demonstrating that the above
hypothesis actually worked at least in the present
hypertension model.

It is of note that anti-LLOX-1 antibody reduced the
enhanced vascular permeability in SHR-SP. Ex-vivo
permeability analysis using Evans blue demonstrated
that oxLLDL augments vascular permeability via LOX-1
mediated pathway. Yamori e a/. have suggested that
vascular permeability might be an instigating mechanism
preceding lipid deposition in vascular smooth muscle cells
of SHR-SP. Thus, anti-LOX-1 antibody exerts its effects
on lipid deposition both by suppression of vascular per-
meability in endothelium and by blocking of the uptake of
lipids in smooth muscle cells.

Limitation of the study

Acute atherosis observed in SHR-SP is not precisely
equal to atherosclerosis; rather, it is similar to vascular
changes in human preeclampsia. The accumulation of
macrophages was not observed in the present model even
in the later stage, but smooth muscle cells incorporate
lipids instead to transform into smooth muscle-derived
foam cells. The present study focuses on elucidation of
the role of LOX-1 in the process of lipid retention, and
the issue of macrophage accumulation needs to wait for
further study.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.




8 Journal of Hypertension 2010, Vol 28 No 00

Cellular lipid uptake and foam cell formation are
mediated by various pathway other than LOX-1, such
as CD-36 and scavenger receptor-A. Previous investi-
gations reported that compared with Apo E knockout
mice those lacking SR-A or CD36 showed marked
reduction in atherosclerotic lesion area {27,28]. In the
present study, we focused on the role of LOX-1, and did
not evaluate the involvement of these other pathways.

In summary, we have clarified that LLOX-1 enhances
vascular permeability and retention of lipids including
oxLLDL under the hypertensive state. Since oxL.DL
up-regulates expression of [LOX-1, the vicious cycle
composed of LLOX-1, vascular permeability, and lipid
retention might occur in the initial step of atherogenesis.
Hence, the oxLDL-LOX-1 pathway may work in both
endothelial dysfunction and the responses-to-lipid reten-
tion models.
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Background: Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is a multiple ligand receptor induced
by oxidative stress. However, its role in chronic heart failure remains unknown.

fethods and Results: The left ventricular (LV) expression of LOX-1 was examined in a salt-sensitive Dahl rat
model of hypertension. Compared with controls, LOX-1 mRNA levels increased by 4.7-fold in the LV with hyper-
trophy, and by 32-fold in the LV with decreased systolic function. LV LOX-1 mRNA levels strongly correlated with
the decrease in LV ejection fraction (EF) (r=—0.772), and with increases in the LV mRNA levels of B-type natri-
uretic peptide (r=0.814), monocyte chemoattractant protein-1 (r=0.943), transforming growth factor-31 (r=0.936),
and a macrophage marker, F4/80 (r=0.560). Serum levels of soluble LOX-1 were significantly elevated in patients
with LV systolic dysfunction and hypertrophy, and significantly correlated with the decrease in EF (r=-0.495).

Conclusions: Marked increase in the LV expression of LOX-1 in failing hearts may contribute to increased
serum levels, and might be involved in chronic inflammation during the development of heart failure.

Key Words: Heart failure; Hypertension; Inflammation; LOX-1; Receptors

receptor-1 (LOX-1) was originally identified as an

endothelial receptor for oxLDL.! LOX-1 expres-
sion in vascular cells is relatively low in the normal state,
but can be induced by various stimuli such as oxLDL,* tumor
necrosis factor-« (TNF-),* transforming growth factor-{31
(TGF-f31),* interleukin-145 (IL-15),* angiotensin 11, and endo-
thelin-1 (ET-1)% in vitro. LOX-1 upregulation is involved in
oxLDL-induced apoptosis through the intracellular produc-
tion of reactive oxygen species.” ! Endothelial expression of
LOX-1 in vivo is increased in hypertension (HT),'! diabetes
mellitus (DM),?? hyperlipidemia,’* hypercholesterolemia, !
and atherosclerosis.’* OxLDL-induced LOX-1 regulates the
expression of monocyte chemoattractant protein-1 (MCP-1),
a cytokine that mediates macrophage infiltration, ¢ and is con-
sidered to be involved in the pathogenesis of atherosclerosis
at an early stage.” The membrane proximal extracellular
domain of LOX-1 can be proteolytically cleaved and released

T he lectin-like oxidized low-density lipoprotein (0xL.DL)

as soluble forms. ' Levels of soluble LOX-1 (sLOX-1) in sera
are increased in acute coronary syndrome,? type 2 DM,
and obesity.*!

LOX-1 expression in cultured cardiomyocytes is also very
low in the basal state, and can be induced by norepinephrine
and ET-1, neurchormonal factors that are activated in heart
failure (HF).?* The cardiac LOX-1 pathway is activated by
oxidative stress in vitro and by ischemia-repetfusion injury
in vivo.?* Although the activation of LOX-1 induces apop-
tosis in cardiomyocytes, the administration of anti-LOX-1
antibody is able to suppress their apoptosis in vitro®* and
reduces the extent of myocardial infarction (MI) in vivo.”
Left ventricular (L'V) expression of LOX-1 is also increased
in salt-sensitive Dahl (DS) rats with hypertensive HF com-
pared with control normotensive salt-resistant Dahl (DR)
rats.* The administration of eplerenone, an aldosterone
blocker, reduces LOX-1 activation and recovers the cardiac
function of DS rats.?* In the present study, we examined the
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Tahle 1. Morphomettic and Hemodynamic Parameters of Dahl Rats
6 weeks 11 weeks 18 weeks

DR DS DR DS DR DS
N : : 5 5 5 5 4 4
BW (g) 20745 178+4* 374213 327284 4799 333x11*t
LywBwW 238:0.02 . 240£0,02 . 219:0.12  2.85:0.12°1  1.84:0.06  3.16:0.16%*
SBP (mmHg) 10722 11323 13046 19128t 12643 213£10%
DBP (mmHg) 6418 6916 10516 14125 9642 1491744
Heartrate (beats/min) 449211 405125 417220 40413 37613 354233
LVESD (mm) 3.2120.13 2.80:0.31 4.15+0.25 3.1520.261 5.26+0.18 5.47+0.811%
LVEDD (mm) 749:022  7.01:042  863:028  7.61:021*  9.37x0.15  8.27:0.74
LVPWT (mm) 093:0.07 0982010 1312012  1.78:0.07*t 1252017  2.03:0.18t
EF (%) 91.9:1.2 936212 882123  92.8x1.1 822413  71.2:56t
Plasma BNP: (pg/mi) 113213 981 120418 137418 10848 303971

Data are means + SE. *P<0.05 vs corresponding DR; tP<0.05 vs DS at 6 weeks; tP<0.05 vs DS at 11 weeks.

DR, salt-resistant Dahl; DS, salt-sensitive Dahl; BW, body weight; LVW, left ventricular (LV) weight; SBP, systolic
blood pressure; DBP, diastolic blood pressure; LVESD, LV end-systolic dimension; LVEDD, LV end-diastolic dimen-
sion; LVPWT, LV posterior wall thickness; EF, ejection fraction; BNP, B-type natriuretic peptide.

correlation between LV expression of LOX-1 and progres-
sion of HF using Dahl rats. Furthermore, we found that serum
sLOX-1 levels are increased in patients with chronic HF and
LV hypertrophy (LVH).

fMethods

Dahl Rals

Male Dahl rats were fed a low-salt diet (0.3% NaCl) until the
age of 6 weeks, after which, to induce HT, they were fed a
high-salt diet (8% NaCl). All animal experiments conformed
with the Guide for the Care and Use of Laboratory Animals
by the Institute of Laboratory Animals, Graduate School of
Medicine, Kyoto University, and the protocol was approved
by the Ethics Committee of the Graduate School of Medicine,
Kyoto University.

Physiological Analysis

Blood pressure (BP) was measured in the Dahl rats by the
tail-cuff method. Cardiac functions were noninvasively evalu-
ated by echocardiography, as previously described.?” In brief,
images were recorded using a 10- to 12-MHz phased-array
transducer (model 21380A with HP SONOS 5500 imaging
system; Agilent Technologies). LV end-diastolic and end-
systolic dimensions (LVEDD and LVESD) were measured
with M-mode tracings from the short-axis view of the LV at
the papillary muscle level. All measurements were per-
formed in a blinded fashion according to the guidelines of
the American Society for Echocardiology and averaged over
3 consecutive cardiac cycles. After physiological studies, sur-
viving rats were euthanased, and their hearts were removed.

Measurement of Plasma B-Type Natriuretic Peptide (BNP)
Blood samples were obtained from surviving rats for mea-
surement of plasma BNP concentrations using a radioim-
munoassay kit (Peninsula Lab).

Real-Time Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR)

Total RNAs from the Vs were isolated, reverse transcribed,
and subjected to quantitative real-time RT-PCR as previously
described.*® Primer sequences of LOX-1,” BNP,*® MCP-1,”
TGF-£1,% 1L-15,%! F4/80,* and GAPDH?* have been de-

scribed previously.

Western Blotting

Whole cell lysates from rat LVs were prepared and subjected
to Western blotting as described previously,* using mouse
monoclonal anti-LOX-1! and mouse monoclonal anti-3-actin
(Sigma) antibodies. Protein amounts were semi-automatical-
ly quantified by using Image J software (National Institutes
of Health).

Histological Analysis

The excised hearts were cut into 2 transverse slices at the
mid-level of the papillary muscles. The specimens were fixed
in 10% formalin, embedded in paraffin, sliced into 4-ym-thick
sections, and stained using mouse monoclonal anti-LOX-1
antibody.!

Human Subjects
A cross-sectional study was carried out during a specified
period between July and September 2007. Patients with
chronic congestive HF and LVH (CHF-LVH) and apparently
healthy subjects with normal cardiac function without LVH
(controls) were recruited in the Qutpatient Department of
Cardiovascular Disease of Kyoto Medical Center. CHF was
defined according to the ACC/AHA Guideline.™* LVH was
defined as LV mass index (LVMI) >116g/m? in men and
>104 g/m? in women on echocardiographic examination.
Chronic HF was defined as the patient being in a stable New
York Heart Association functional class for at least 3 months.
Most of the controls attended for further examination of
risk factors after periodical health checkup. The echocardio-
graphic criteria for CHF-LVH were defined as the presence
of LVH, ejection fraction (EF) <60%, and LVEDD >50 mm,
and those for controls were LVMI <100 g/m?, EF >60%, and
LVEDD <50mm. Exclusion criteria were: (1) infection or
illness with pyrexia; (2) recent (<3 month) acute coronary
syndrome, M1, or stroke; (3) chronic, systemic illness, includ-
ing renal failure, hepatic impairment, cancer, and inflamma-
tory connective tissue disease; inflammatory bowel disease.
BP was measured twice with an automatic electronic sphyg-
momanometer (BP-103i II; Nippon Colin, Komaki, Japan).
The study protocol was approved by the Institutional
Ethics Committee of Kyoto Medical Center.



Advance Publication by J-STAGE

LV Expression of LOX-1 in Rat HF

kkk

A :
LD—E-‘ r—**‘kﬁ
r**7

LOX-1/ GAPDH

@
o
X
3
2

DS 18w

B

DR 18w DS 18w

LOX-1

p-actin

Anti-LOX-1

Figure 1.

(A) Results of réal-time RT-PCR. The amount of transcript for LOX-1 was normalized by that of GAPDH. The data
shown are means + SE. The mean value of DR rats at 6 weeks was set at 1.0. The number of animals in each group is shown in
Table 1.*P<0.05, *P<0.01, **P<0.005, (B) Whole cell lysates from the LV of Dahl rats at 18 weeks were subjected to Western
blotting with: anti-LOX-1 and anti-B-actin antibodies. (£).Representative photographs of LOX-1-stained sections of LV myocar-
dium from Dahl rats at 18 weeks. Scale bar=20um. DR, salt-resistant Dahl rat; LOX-1, lectin-like oxidized 1ow-denS|ty lipoprotein
receptor-1 LV, left ventricle; RT-PCR, reverse transcriptase polymerase cham reaction; w, weeks.

IgG

Measurement of sLOX-1

Patients’ blood samples were taken from the antecubital vein
in the morning after a 12-h fast. Blood was immediately cen-
trifuged and the serum obtained was divided into aliquots.
Serum sLOX-1 concentrations were measured by ELISA.
The analyses were performed by an investigator who was
unaware of the source of each sample.

Statistical Analysis

Results are presented as means +SE. Statistical comparisons
were performed using ANOVA with Scheffe’s test. Linear
regression analysis with Pearson’s coefficients was performed
to investigate correlations. The Mann-Whitney U test was
used for comparisons of human sLOX-1. P<0.05 was taken
to indicate significance.

Results

Development of HF in Dahl Rats

Cardiac function of the Dahl rats was assessed before and
after (at 11 and 18 weeks) they were fed a high-salt diet from
the age of 6 weeks. As shown in Table 1, BP was significant-
ly higher than in the DS compared with the DR rats at 11 and
18 weeks. Accordingly, DS rats exhibited LVH: increased
LV weight-to-body weight ratio (LVW/BW) and LV poste-
rior wall thickness (LVPWT) compared with DR rats at 11
and 18 weeks. The LVEF of DS rats was preserved at 11
weeks but significantly reduced at 18 weeks. These data dem-

onstrate that DS rats showed progressive LVH at 11 weeks,
followed by systolic dysfunction at 18 weeks. The LVW/
BW ratio was significantly higher in the DS (5.14+0.30) than
in the DR (3.7140.04) rats at 18 weeks. The increased lung
weights and plasma BNP levels in the DS compared with the
DR rats suggest that the LV end-diastolic pressure increased
at 18 weeks. LV dilatation would subsequently occur after
18 weeks in the DS rats. However, LV dilatation was not
observed in this series of experiments, because DS rats rap-
idly die after 18 weeks and the time period of LV dilatation is
very short.

LV Expression of LOX-1 in Dahl Rats

Real-time RT-PCR analysis indicated that LV mRNA levels
of LOX-1 in the DS rats progressively increased at 11 and 18
weeks, while those in the DR rats did not change (Figure 1A).
LOX-1 expression revealed 4.7- and 32-fold increases in the
DS compared with the DR rats at 11 and 18 weeks, respec-
tively. Compatible with the mRNA levels, the amount of
LOX-1 protein in the LV was greater in the DS rats than in
the DR rats at 18 weeks (Figure 1B). DS rats showed a 5.8+
3.3-fold increase in the levels of LOX-1 protein compared
with the DR rats at 18 weeks. Sections of LV from these
rats at 18 weeks were stained using anti-LOX-1 antibody
(Figure 1€). LOX-1 immunoreactivity was observed in
vessel walls and very faintly in the cardiomyocytes of DR
rats, However in the DS rats, LOX-1 was strongly and clearly
detected in cardiomyocytes as well as vessel walls. These
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Flyure 2. Results of real-time reverse transcriptase polymerase chain reaction. The amount of each of the transcripts for BNP
(A), MCP-1.(B), TGF-A1 (C), IL-18 (D), and F4/80 (E) was normalized by that of GAPDH. Data are means + SE, The mean values
of DR rats at 6 weeks were set at 1.0. The number of animals in each group is described in Table 1. *P<0.05, **P<0.01,
#P<0.005, ##P<0.001. BNP, B-type natriuretic peptide; DR, salt-resistant Dahl rat; DS, salt-sensitive Dahl rat; IL, interleukin;
MCP-1, monocyte chemoattractant protein-1; TGF, transforming growth factor; w, weeks.
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Table 2. Correlation Between LOX-1 mRANA and P'ararrieters
of Heart Failure : : L

vs LOX-1/GAPDH

R P value
LVW/BW : 0.620 0.0004
SBP 0.748 <0.0001
DBP.: i , 0,604 0.0007
Heart rate -0.426 0.0268
LVESD = ; 0555 00022
LVEDD 0.172 0.3808
LVPWT . ~ 0638 0.0002
EF -0.772 <0.0001
Plasma BNP : . 0.744 <0.0001
BNP/GAPDH 0.814 <0.0001
MCP-1/GAPDH 0.943 <0.0001
TGF-31/GAPDH 0.936 <0.0001
IL-18/GAPDH - : 0760 <0.0001
F4/80/GAPDH 0560 0.0019

Correlations between LV mRNA levels of LOX-1 and parameters
of heart failure for all 28 rats shown in Table 1.

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MCP,
monocyte chemoattractant protein; TGF, transforming growth
factor; IL, interleukin. Other abbreviations see in Table 1.

results clearly indicate that the expression of LOX-1in LV
cardiomyocytes was upregulated during the development of
LVH and HF in DS rats.

LV Expression of Cytokines Involved in HF
Levels of the mRNA of BNP, MCP-1, TGF-£1, IL-18, and

F4/80 in the LV were also quantified by real-time RT-PCR
(Figure 2). Those of BNP, which reflect the extent of LV
wall stress, were increased in the DS rats during the devel-
opment of HF and were significantly higher than those of the
DR rats at 18 weeks (Figure 24). Those of MCP-1 in the DS
rats showed 2.1- and 10.2-fold increases at 11 and 18 weeks,
respectively, compared with the DR rats (Figare 2B). Those
of TGF-p1 (Figure 2C) and IL-15 (Figare 213) showed 3.1-
and 2.9-fold increases, respectively in the DS compared with
the DR rats, at 18 weeks. Compatible with the increased
expression of these cytokines in the DS rats, the LV mRNA
level of F4/80, a marker of macrophages, showed 1.9- and
3.7-fold increases at 11 and 18 weeks, respectively, in the
DS compared with the DR rats (Figure 2E).

Correlation Between LOX-1 Expression and Parameters of HF
As shown in Table 2, LV mRNA levels of LOX-1 positively
correlated with the levels of HT (systolic and diastolic BP)
and LVH (LVW/BW and LVPWT), LOX-1 expression was
also associated with deterioration of systolic function (in-
crease in LVESD and decrease in EF, Figure 34). In addi-
tion, LOX-1 strongly indicated positive correlations with the
plasma and mRNA levels of BNP (¥igure 3B). Thus, LOX-1
expression was closely associated with the extent of HF in
Dahl rats. Importantly, the LV mRNA levels of LOX-1 were
most closely correlated with those of MCP-1 (Figure 3C),
The levels also strongly correlated with those of TGF-51
(Figure 3D) and IL-18 (Figure 3E). In addition to these
cytokines, the LV mRNA levels of LOX-1 significantly cor-
related with those of F4/80 (Figure 3¥).
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Figure 3. Correlations between the LV mRNA levels of LOX-1 and the parameters of heart failure. Abbreviations see in
Tables 1 and 2.

Tahle 3. Clinical and Echocardiographic Measurements of Human Subjects , ,
Controls CHF-LVH patients P value

i (M/F) e o 17ay 7 (4/3)
Age (years) 64.8+4.4 67.7+3.8 NS
BMI (kg/m?) : L 24,0¢1.3 22915 ; NS
SBP (mmHg) 125.8+5.3 113.423.7 NS
DBP (mmHg) o T4b242 61,9+340 0.077
Heart rate (beats/min) 71.8+4.2 76.8+5.0 NS
LVEDD {mm) o : 2410 641247 20.001
EF (%) 71.5+1.9 37.5£29 <0.001
LV mass (g} : RS e 115165 = 247.8+33.9 <0.001
LVMI (g/m?) 71.744.9 157.326.2 <0.001
Diabetes mellitus, n (%) S S 0(0). 4 (57) :
History of hypertension, n (%) 0(0) 4 (57)
Etiology of CHF, (%) » o '

Ischemic: s e 0(0) : 47

Non-ischemic B 0(0) L 3(49)

idiopathic dilated cardiomyopathy - . . 0(0) i 3(48)
NYHA functional class, n (%)

I 11 (100) 0 (0)

] 0(0) 6 (86)

n 0(0) 1 (14)

v 0{0) 0(0)

Data are means+SE.
Controls, no organic cardiac diseases; CHF-LVH, chronic heart failure with LV hypertrophy; NS, not significant,
NYHA, New York Heart Association. Other abbreviations see in Table 1.
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Figure 4. Serum levels of soluble LOX-1(sLOX-1) in chronic
heart failure patients with left ventricular hypertrophy (CHF-
LVH, n=7) and those without organic cardiac diseases (con-
trol, n=11). LOX-1, lectin-like oxidized low-density lipoprotein
receptor-1.

Serum Levels of sLOX-1 in Chronic HF Patients

The clinical and echocardiographic measurements in the
patients with CHF-LVH and the apparently healthy subjects
with normal cardiac function (control) are shown in Table 3.
LVEDD, LV mass, and LVMI were significantly larger and
EF significantly lower in the CHF-L.VH patients than in the
control group. However, there were no significant differences
in age, body mass index, BP, and heart rate between the 2
groups. Interestingly, serum levels of sLOX-1 were signifi-
cantly increased in the CHF-LVH group compared with the
controls (Figure 4). In simple regression analysis, there was a
weak, but non-significant correlation between serum sLOX-1
levels and LVMI (r=0.437, P=0.07). However, there was a
significant negative correlation between serum sLOX-1 levels
and EF (1=-0.495, P=0.037). Since previous reports have
shown that sLLOX-1 levels are increased in patients with DM
and those with HT, we compared the sLOX-1 levels in CHF-
LVH patients with and without DM or HT. There was no
significant difference in the sLOX-1 levels of CHF-LVH
patients with and without DM or HT (DM 892+316 pg/ml
vs non-DM 1,023+311pg/ml, P=0.8; HT 8451275 pg/ml vs
non-HT 1,0861366 pg/ml, P=0.6). To evaluate whether the
etiology of chronic HF affects sSLOX-1 levels, we compared
sLOX-1 levels in patients with CHF-LLVH caused by ischemic
heart disease (IHD) with those in patients with CHF-LVH
caused by dilated cardiomyopathy (DCM). There was no
significant difference (P=0.5): IHD, 1,0831348 pg/ml; DCM,
769+178 pg/ml.

Biscussion

In the present study, we showed that levels of mRNA and
LOX-1 protein were markedly upregulated in the LV of DS
rats with HF, which was compatible the results of a previous
report>! We have found that LV mRNA levels of LOX-1
closely correlated with decreased EF and increases in the
plasma and mRNA levels of BNP. These findings suggest
that LV expression of LOX-1 serves as a novel biomarker of
HF in hypertensive heart disease. We have also shown that
the serum levels of sLOX-1 were significantly increased in
chronic HF patients with LVH and that they correlated with
the decrease in EF. Thus, a marked increase in the LV
expression of LOX-1 in the failing heart may significantly
contribute to increased serum levels of sLOX-1. However,

the origin of increased serum sLOX-1 levels during hyper-
tensive heart disease should be examined in further studies,
because HT enhances LOX-1 expression not only by the
heart, but also by the vascular endothelium.

LV mRNA levels of LOX-1 showed a very strong positive
correlation with those of MCP-1, an important chemotactic
factor for macrophages. LOX-1 expression also closely cor-
related with those of TGF-$1 and IL-15, proinflammatory
cytokines produced by macrophages. Furthermore, LV ex-
pression of LOX-1 positively correlated with that of F4/80,
a maker of macrophages, suggesting that increased LOX-1
expression is involved in macrophage infiltration and inflam-
mation. In the heart, MCP-1 expression and the number of
interstitial macrophages in the LV are significantly increased
in models of hypertensive heart disease with HF*! and of
post-MI HF.** The number of macrophages in the LV myo-
cardium shows nearly a 4-fold increase in DS compared with
DR rats at 11 and 18 weeks.*! Our results for the LV mRNA
levels of F4/30, a marker of macrophages, are compatible
with those of the previous report.

MCP-1 is considered to be downstream of LOX-1 because
the antisense to LOX-1 inhibits MCP-1 expression in endo-
thelial cells.”” Inhibition of MCP-1 in a mouse MI model
reduced macrophage infiltration and the levels of cytokines
such as TGF-{1 in the heart.* It has also been reported that
anti-LOX-1 antibody reduces IL-13 expression in vascular
cells.* Our results indicated that LOX-1 upregulation in the
LV of DS rats compared with DR rats was most prominent
at the stage of systolic HF. Furthermore, LV expression of
LOX-1 showed a close relationship with that of inflam-
matory cytokines, as well as MCP-1 and F4/80, which are
markers of increased macrophage infiltration. These findings
suggest that LOX-1-induced MCP-1 enhances macrophage
infiltration, and that the migrating macrophages then produce
proinflammatory cytokines in the heart. TGF-£1 and IL-15
are well-known inducers of LOX-1,*% so it is possible that
increased LOX-1, macrophage infiltration, and the release of
inflammatory cytokines may form a feed-back loop that
progresses to fibrosis and apoptosis during the progression
of HF. At present, it is unknown whether activation of LV
LOX-1 is a cause or result of HF. However, our results,
together with those of previous reports, suggest that upregu-
lation of LOX-1 in HF is a very important key event, leading
to inflammation of the heart. The development of a specific
antagonist is awaited to clarify the precise role of LOX-1,
and to investigate the therapeutic potential of the antagonist
for chronic HF.
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LOX Index, a Novel Predictive Biochemical Marker for
Coronary Heart Disease and Stroke
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BACKGROUND: Lectin-like oxidized LDL receptor 1
(LOX-1) is implicated in atherothrombotic diseases.
Activation of LOX-1 in humans can be evaluated by use
of the LOX index, obtained by multiplying the circu-
lating concentration of LOX-1 ligands containing apo-
lipoprotein B (LAB) times that of the soluble form of
LOX-1 (sLOX-1) [LOX index = LAB X sLOX — 1].
This study aimed to establish the prognostic value of
the LOX index for coronary heart disease (CHD) and
stroke in a community-based cohort.

METHODS: An 11-year cohort study of 2437 residents
age 30-79 years was performed in an urban area lo-
cated in Japan. Of these, we included in the analysis
1094 men and 1201 women without history of stroke
and CHD. We measured LAB and sLOX-1 using
ELISAs with recombinant LOX-1 and monoclonal
anti—apolipoprotein B antibody and with 2 monoclo-
nal antibodies against LOX-1, respectively.

resuLts: During the follow-up period, there were 68
incident cases of CHD and 91 cases of stroke (with 60
ischemic strokes). Compared with the bottom quartile,
the hazard ratio (HR) of the top quartile of LOX index
was 1.74 (95% CI 0.92-3.30) for stroke and 2.09 (1.00—
4.35) for CHD after adjusting for sex, age, body mass
index, drinking, smoking, hypertension, diabetes, non-
HDL cholesterol, and use of lipid-lowering agents.
Compared with the bottom quartile of LOX index, the
fully adjusted HRs for ischemic stroke were consis-
tently high from the second to the top quartile: 3.39
(95% CI 1.34-8.53), 3.15 (1.22-8.13) and 3.23 (1.24-
8.37), respectively.

concrusions: Higher LOX index values were associ-
ated with an increased risk of CHD. Low LOX index
values may be protective against ischemic stroke.
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Therapeutic interventions for dyslipidemia such as hy-
percholesterolemia have proven their effectiveness for
the primary as well as secondary prevention of coro-
nary heart disease (CHD).? 1t is also well known that
the risk for CHD is significantly associated with high
serum concentrations of LDL cholesterol or low con-
centrations of HDL cholesterol in both Japanese (1, 2)
and Western populations (3). In contrast, dyslipide-
mia has much weaker relationship to stroke than CHD
(4 ). Although the pathogenesis of ischemic stroke and
CHD is based largely on atherosclerotic changes of ar-
teries, there is still much unresolved discrepancy.

Oxidized LDL induces a wide variety of cellular
responses, such as induction of the expression of adhe-
sion molecules and proinflammatory cytokines, which
enhance progression of atherothrombotic cardiovas-
cular diseases. Using antibodies against oxidation-
dependent epitopes of LDL, cross-sectional studies re-
ported association of oxidized LDL concentrations
with ischemic heart disease, and a cohort study re-
ported association of oxidized LDL with metabolic
syndrome (5-8).

Lectin-like oxidized LDL receptor 1 (LOX-1) is the
receptor for oxidized LDL identified in endothelial
cells (9, 10). Activation of LOX-1 in endothelial cells
induces various changes relevant to endothelial dys-
function, e.g., superoxide generation, reduction in the
release of nitric oxide, and induction of the expression
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