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Abstract
Lectin-like oxidized low-density lipoprotein (LDL) receptor-1
(LOX-1), a cell surface receptor expressed in endothelial cells,
is known to mediate oxidized LDL-induced vascular inflam-
mation and atherogenesis. Although the role of LOX-1 in vas-
cular inflammation has been well established, its involve-
ment in acute lung inflammation and injury remains unclear.
In the present study, we examined the effects of a LOX-1-
blocking antibody on lung inflammation in a mouse endo-
toxin lipopolysaccharide (LPS)-induced acute lung injury
model. We demonstrated that intraperitoneal challenge
with LPS induced a rapid and robust increase in LOX-1 ex-
pression in mouse lung. Pre-treatment of mice with anti-
LOX-1-blocking antibody significantly inhibited LPS-induced
lung inflammation as indicated by decreased neutrophil ac-
cumulation in the lung. Furthermore, anti-LOX-1 was capa-
ble of inhibiting LPS-induced inflammatory responses, in-
cluding NF-kB activation, ICAM-1 expression and apoptotic
signaling, in mouse lung. Collectively, these results indicate
that LOX-1 may serve as a valuable therapeutic target in the
prevention of acute lung inflammation and injury in sepsis.
Copyright © 2008 S. Karger AG, Basel

Introduction

Studies have shown that increased blood levels of en-
dotoxin lipopolysaccharide (LPS) due to Gram-negative
bacterial infection may lead to acute lung injury (ALI) in
sepsis and endotoxemia patients [1]. Despite significant
progress in the study of ALI during the last decade, the
mortality rate remains high among patients with ALI [2].
Therefore, improved therapeutic strategies are needed in
order to reduce the mortality rate associated with the dis-
ease. A better understanding of the pathogenesis of ALI
would help to identify potential targets for therapeutic
intervention.

ALI is usually associated with excessive pulmonary
inflammation [3]. Neutrophil accumulation in the lung
plays a crucial role in both the onset and progression of
ALI [4]. Production and upregulation of proinflamma-
tory mediators such as ICAM-1, P-selectin, TNF-a, and
NF-kB have been reported to contribute to LPS-induced
lung inflammation [5, 6]. The extensive neutrophil influx
to the lung requires proinflammatory signals capable of
supporting both the early recruitment and persistent in-
flux of neutrophils [6-8]. The initial recruitment of neu-
trophils to the lung may require early signals such as the
expression of ICAM-1 and P-selectin in lung endothelial
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cells [6], and persistent neutrophil influx may require ad-
ditional mediators such as proinflammatory cytokine
CXCR4/SDF-1 [9].

Despite the considerable progress made in elucidating
the proinflammatory mediators that contribute to ALL it
is likely that some of the key mediators remain unidenti-
tied. In the present study, we examined the role of lectin-
like oxidized LDL receptor-1 (LOX-1) in acute lung in-
flammation in a LPS-induced ALI mouse model. LOX-1,
primarily expressed in endothelial cells, is a receptor for
oxidized low-density lipoprotein (LDL) (a well-known
mediator of atherogenesis) [10]. LOX-1 expression can be
regulated by a variety of proinflammatory cytokines, ox-
idized LDL, oxidative stress and shear stress [11-13]. In-
creased LOX-1 expression has been observed in athero-
sclerosis-susceptible regions [14]. Deletion of LOX-1 or
inhibition of LOX-1 function by a blocking antibody was
able to prevent proinflammatory, pro-oxidant responses
in endothelial cells and reduce atherogenesis in mouse
atherosclerosis models [15, 16]. In addition, LOX-1 has
been reported to recognize apoptotic cells, bacteria and
activated platelets which may contribute to the pathogen-
esis of vascular disorders [17-19].

Blockade of LOX-1 has been shown to prevent animal
death in a rat endotoxemia model and inhibited leuko-
cyte-endothelium interaction in retinal blood vessels in
low-dose endotoxin-induced uveitis [20]. Furthermore,
in an in vitro flow model, LOX-1 has been shown to di-
rectly act as a leukocyte adhesion molecule [20]. Never-
theless, the function of LOX-1 in acute lung inflamma-
tion and injury remains unknown. In this study, we as-
sessed the effects of a LOX-1-blocking antibody on
LPS-induced acute lung inflammation and injury. Spe-
cifically, the effects of anti-LOX-1 on LPS-induced proin-
flammatory responses including ICAM-1 expression,
NF-kB activation and apoptotic signals were examined.

Materials and Methods

Animals

C57BL/6 (20-25 g) male mice were purchased from NCI (Na-
tional Cancer Institute) and housed in cages with access to food
and water in a temperature-controlled room with a 12-hour dark/
light cycle. All experiments and animal care procedures were ap-
proved by the Institutional Animal Care and Use Committee of
University of Texas Health Center at Tyler.

Reagents

LPS from Escherichia coli 0111:B4 was obtained from Sigma
(St. Louis, Mo., USA). Goat anti-mouse LOX-1-blocking antibody,
control goat IgG, and recombinant mouse LOX-1 protein were
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purchased from R&D Systems (Minneapolis, Minn., USA).
Cleaved caspase-3 (Asp175) polyclonal antibody and Bcl-xI mono-
clonal antibody were purchased from Cell Signaling Technologies
(Beverly, Mass., USA). ICAM-1 (m-19) antibody was purchased
from Santa Cruz Biotechnology (Santa Cruz, Calif., USA).

Mouse ALI Model

The mouse ALI model was generated based on a previously
described procedure [21, 22]. Briefly, mice were first injected with
100 wg/kg anti-LOX-1, IgG control or phosphate-buffered saline
(PBS) via the tail vein, and challenged, 2 h later, with 2.5 mg LPS/
kg by intraperitoneal injection. At the end of the experiments, the
mice were killed by carbon dioxide inhalation.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from removed lung tissue with Trizol
(Invitrogen, Carlsbad, Calif., USA). 5 ug RNA was used in each
reverse transcription-polymerase chain reaction (RT-PCR). For-
ward primer (5’-ccaagcgaaccttactcage-3") and reverse primer (5'-
gctecgtettgaaggtatge-3') targeting the LOX-1 sequence were ob-
tained from Integrated DNA Technologies (Coralville, Iowa,
USA).

Lung Myeloperoxidase Assay

Sequestration of polymorphonuclear leukocytes (PMNs) in
lung tissues was assessed by determining lung myeloperoxidase
(MPO) activity in lung homogenate based on our previously de-
veloped procedure [23]. Briefly, 6 h after LPS challenge, the lungs
were perfused with 3 ml of sterile PBS via the right ventricle, and
snap-frozen in liquid nitrogen and stored at -70°C. MPO activity
was measured using a 3,3',5,5'-tetramethylbenzidine substrate
solution (TMB; Pierce, Rockford, Ill., USA). MPO activity was
presented as ODys¢ ry per milligram lung tissue.

Bronchoalveolar Lavage and Cell Counts

Six hours after LPS challenge, bronchoalveolar lavage (BAL)
fluids were collected (3 times with 0.8 ml aliquot of sterile saline).
The BAL fluids were centrifuged at 2,000 g for 10 min at 4°C. Cells
in BAL fluid were counted, and MPO activity was measured using
the TMB substrate solution. Mouse albumin levels in BAL fluids
were measured using a mouse albumin ELISA kit purchased from
Bethyl Laboratories (Montgomery, Tex., USA).

Western Blot Analysis

Lungs were lysed in a buffer containing 10 mM Tris-HCI (pH
7.6), 50 mM NaCl, 1% Triton X-100, and a protease inhibitor cock-
tail (Sigma). Samples were extracted on ice for 30 min, sonicated
twice for 5 s and centrifuged at 14,000 g for 10 min. Protein con-
centrations of the cell lysates were determined. Aliquots (each
containing 100 pg of proteins) of the lysates were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (12 or 7.5%) and transferred onto a polyvinylidene fluoride
membrane. Immunoblotting was performed using primary anti-
bodies against mouse ICAM-1, cleaved caspase-3, Bcl-xl, LOX-1.

Histopathology

Six hours after LPS challenge, mouse lungs were inflated with
0.8 ml 10% formaldehyde in PBS and fixed in 10% formaldehyde
for 72 h. Lungs were then embedded in paraffin for sectioning.
Lung sections were stained with hematoxylin and eosin.
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Fig. 1. Rapid upregulation of LOX-1 ex-
pression in mouse lung following LPS
challenge. LPS induced rapid expression of
LOX-1 in mouse lung. Western blot analy-
sis showed LOX-1 protein expression (A),
and RT-PCR analysis showed LOX-1
mRNA expression (B) in mouse lung tis-
sues at different time points following LPS
treatment. Mice were challenged intraper-
itoneally with 2.5 mg LPS/kg. The results A
are representative of 3 independent exper-
iments.
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LOX-1-Mediated Adhesion Assay

96-well plates were first coated with mouse recombinant LOX-
1 (50 pg/ml) at 4°C. After an overnight incubation, unbound
LOX-1 was washed off, and the plates were blocked with 3% BSA
overnight at 4°C. Neutrophils were isolated from mouse periph-
eral blood with Polymorphprep (Accurate Chemical and Scien-
tific, Westbury, N.Y., USA) by density gradient centrifugation.
Isolated neutrophils were then suspended in PBS at 2 X 10° cells/
ml. Immediately before the experiments, BSA solution was re-
moved from the individual wells of the 96-well plate. 100 pl anti-
LOX-1 antibody or PBS (as control) was added to individual wells,
and incubated for 30 min at 37°C. Afterwards, neutrophils were
added to the wells at 2 X 10° cells/well. The plates were incubated
at 5% CO,, 37°C. After a 30-min incubation, unbound cells were
gently washed off with PBS. Bound neutrophils were counted by
phase-contrast microscopy. Eight microscopic fields were ran-
domly selected for each assay and quantified as bound cells/mi-
croscopic field.

NF-kB Assay

Nuclear proteins were extracted from freshly removed lungs
using a Nuclear Extract kit purchased from Active Motif (Carls-
bad, Calif., USA). NF-kB DNA-binding activity in the nuclear
extract was measured by using NF-kB p65 Transcription Factor
Assay kit from Active Motif.

Statistics

Data were analyzed by one-way analysis of variance (ANOVA)
followed by Bonferroni test, and expressed as mean = SEM. A p
value <0.05 was considered statistically significant.

Results

Upregulation of LOX-1 Expression in Mouse Lung

following LPS Challenge

We first examined the time course of LOX-1 expres-
sion in mouse lung following LPS challenge. Both LOX-1
protein and mRNA expression were rapidly upregulated
following LPS challenge (fig. 1). Increased LOX-1 protein
expression was observed as early as 30 min after LPS
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treatment, peaked at 6 h, decreased to a much lower level
at 18 h which, nevertheless, was still considerably higher
than that detected prior to LPS challenge. LOX-1 mRNA
expression was also increased with time after LPS chal-
lenge and peaked at around 2 h after LPS treatment.
These results showing rapid induction of LOX-1 upon
LPS challenge suggest that LOX-1 is one of the early genes
which can quickly respond to inflammatory stimuli.

Anti-LOX-1 Prevents Neutrophil Accumulation and

Increased Albumin Permeability in Mouse Lung after

LPS Challenge

We first examined the effect of a LOX-1-blocking an-
tibody on LPS-induced neutrophil recruitment in the
lung. LPS challenge induced marked increase in neutro-
philinfiltration in the lung as evidenced by elevated MPO
activity. Interestingly, pretreatment of the mice with
LOX-1 antibody significantly inhibited MPO buildup in
the lung (fig. 2A) whereas the control IgG showed no in-
hibitory effect. Histologic examination also indicated
that LPS-induced sequestration of inflammatory cells
around the lung vasculature and infiltration of leuko-
cytes into the lung interstitium were significantly inhib-
ited upon LOX-1 antibody treatment (fig. 2B). The in-
crease in lung MPO activity was clearly associated with
the increase in both leukocyte count and MPO activity in
BAL fluids (fig. 3A, B) following LPS challenge. In con-
trast, LOX-1 antibody-treated mice exhibited both lower
BAL leukocyte count and MPO activity than mice treat-
ed with LPS alone or pretreated with control IgG during
the same time course. Increased lung vascular permea-
bility in LPS-challenged mouse lung was determined by
measuring leakage of mouse albumin into BAL fluids
(fig. 3C). Six hours after LPS challenge, albumin levels in
BAL fluids from LOX-1 antibody-treated mice were sig-
nificantly lower than those of mice without LOX-1 anti-
body treatment or pretreated with control IgG. Collec-
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Fig. 2. Blockade of LOX-1 inhibits neutro-
phil accumulation in LPS-challenged
mouse lung. A Anti-LOX-1 (LOX-1AB/
LPS) inhibited LPS-induced lung MPO ac-

tivity at 6 h after LPS challenge compared A
with mice treated with LPS alone (LPS) or T H,gl.a i ,“.‘ D 73 P AR
pretreated with control IgG (NIgG/LPS). IgG/LPS‘t" ‘\ e g '; /\‘B}LPS'
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Data are presented as means = SEM. As- h‘ﬁj’!’”
terisk indicates a statistical difference be-
tween two groups (n = 12 for each group,
p < 0.05). B Hematoxylin and eosin stain-
ing of lung tissues obtained from control
mice without LPS challenge (Control),
pretreated with control IgG (NIgG/LPS)
or anti-LOX-1 (LOX-1AB/LPS) at 6 h after
LPS challenge. Neutrophil accumulation
in the lung was observed after LPS chal-
lenge. LOX-1-blocking antibody inhibited
LPS-induced neutrophil infiltration com-
pared with mice pretreated with control
IgG.

*
*
* | — *
1 * ,_|* I
0.6 — *
157 * — a * 0.25 *
* _ * =
< a € 020
S 10 A Q 04 >
X z £ 0151
€ = £
3 54 8 02+ £ 0107
é g £ 005+
e & o g o o o o e ¢ & &
& N % W~ & N S S & VY Y
¢ & S JER ¢ N
A N B \/O+ C o
Fig. 3. Blockade of LOX-1 inhibits leukocyte accumulation in BAL and prevents LPS-induced lung permeabil-
ity. Leukocytes were enumerated (A) and MPO activity (B) was measured in mouse BAL at 6 h after LPS chal-
lenge. Anti-LOX-1 (LOX-1AB/LPS) reduced LPS-induced increases in leukocytes and MPO activity in BAL
compared with mice treated with LPS alone (LPS) or pretreated with control IgG (NIgG/LPS) (n = 13 for each
group, p < 0.05). C Anti-LOX-1 also decreased albumin leakage in mouse BAL at 6 h after LPS challenge. Data
are presented as means = SEM. Asterisk indicates a statistical difference between two groups (n = 13 for each
group, p < 0.05).
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tively, these data suggest that LOX-1 blockade can prevent
LPS-induced lung inflammation and injury.

LOX-1 Is a Neutrophil Adhesion Molecule

Adhesion of neutrophils to the endothelium of vascu-
lar wall is one of the early steps in vascular inflammation
and injury. Although previous studies have identified
several classes of molecules capable of mediating neutro-
phil rolling, adhesion and transendothelial migration,
unidentified mechanisms may still exist to regulate neu-
trophil-endothelial cell interactions. Other than serving
as a receptor for oxidized-LDL, LOX-1 has been shown to
recognize apoptotic cells, bacteria and activated platelets
[17-19]. These latter findings prompted us to test wheth-
er LOX-1 can act as a neutrophil adhesion molecule.
Mouse neutrophils were added to individual wells of a
96-well plate coated with mouse recombinant LOX-1. Ad-
hesion of neutrophils was observed in LOX-1-coated wells
(fig. 4) whereas no binding of neutrophils was observed
in the wells treated with PBS only (data not shown). Anti-
LOX-1 but not control IgG significantly decreased the
number of adherent neutrophils, suggesting that neutro-
phil binding to the recombinant LOX-1 was specifically
disrupted by anti-LOX-1.

Blockade of LOX-1 Signaling Prevents LPS-Induced

Inflammatory Responses

Studies have shown that the expression of ICAM-1 in
the lung in response to LPS requires NF-kB activation
[22]. To investigate the effects of anti-LOX-1 on LPS-in-
duced inflammatory responses in the lung, we examined
NF-kB activation and the expression of ICAM-1 after
anti-LOX-1 treatment. NF-k B DNA-binding activity and
ICAM-1 expression in the lung were measured. Both
LPS-induced NF-kB activity (fig. 5A) and ICAM-1 ex-
pression (fig. 5B) in LPS-treated mouse lungs were sig-
nificantly inhibited by pretreatment with LOX-1 anti-
body but not with control IgG.

Anti-LOX-1 Inhibits Apoptotic Signaling in Injured

Mouse Lung

Endothelial apoptosis has been suggested as an impor-
tant mechanism of LPS-induced vascular injury [24]. To
assess the effects of anti-LOX-1 on apoptotic signaling
induced by LPS in injured lung, we measured LPS-in-
duced activation of caspases after anti-LOX-1 treatment.
Caspase-3 is responsible for the proteolytic cleavage of
many key cellular proteins. Activation of caspase-3 re-
quires proteolytic processing of its inactive precursor
into an activated form [25]. Activation of caspase-3 (pro-
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Fig. 4. LOX-1-mediated neutrophil adhesion. A Representative
images showing adhesion of neutrophils to the surface coated
with recombinant mouse LOX-1. Neutrophil adhesion was
blocked by LOX-1 antibody (anti-LOX-1) but not by normal IgG
control (NIgG). B Quantitative analysis of LOX-1-mediated neu-
trophil adhesion. Data are presented as means = SEM. Asterisk
indicates a value significantly different from that pretreated with
control IgG (n = 3, p < 0.05).

teolytic cleavage of caspase-3) was analyzed by immu-
noblotting. Results showed that LPS induced the activa-
tion of pro-apoptosis protein caspase-3 (fig. 6) in mouse
lung, whereas no effect was observed for anti-apoptosis
protein Bcl-xl. Importantly, LOX-1 antibody but not con-
trol IgG pretreatment inhibited LPS-induced activation
of caspase-3, indicating that anti-LOX-1 was able to in-
hibit LPS-induced apoptosis in mouse lung.

Discussion

In the present study, we showed that LOX-1 was rap-
idly upregulated in mouse lung following LPS challenge.
Furthermore, inhibition of LOX-1 using a functional
blocking antibody prevented acute lung inflammation
and injury as evidenced by a decrease in the influx of neu-
trophils into the lung and inhibition of lung vascular
leakage. Our results demonstrated for the first time that
LOX-1 blockade was able to inhibit LPS-induced inflam-
matory lung injury.

In our mouse model, increased LOX-1 expression in
mouse lung was observed at both protein and mRNA lev-
els in response to LPS challenge. Rapid upregulation of
LOX-1 expression was observed in the lung within 2 h
after LPS challenge, and LOX-1 expression peaked at 6 h
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Fig. 6. Anti-LOX-1 inhibits LPS-induced apoptotic signaling in
mouse lung. Western blot analysis showing expression of cleaved
caspase-3 and Bcl-x] in mouse lung at 6 h after LPS challenge.
Anti-LOX-1 (LOX-1AB/LPS) inhibited LPS-induced pro-apopto-
sis protein caspase-3 activation (cleaved caspase-3) compared
with mice treated with LPS alone (LPS) or pretreated with control
IgG (NIgG/LPS). Anti-LOX-1 showed no effects on the expression
of anti-apoptosis protein Bcl-xl. The results are representative of
3 independent experiments.

after LPS treatment. The recruitment of neutrophils to
the lung may involve a rapid, early influx of neutrophils,
followed by a slower sustained recruitment phase. The
temporal pattern of LOX-1 expression indicates that LOX-
1 expression may support the early phase of neutrophil
recruitment. While our studies focused on the expression
of LOX-1 in the lung, upregulation of LOX-1 by LPS may
not be a lung-specific phenomenon. Further studies are
needed to provide a more detailed analysis of LOX-1 ex-
pression in different tissues and organs after LPS chal-
lenge. The mechanisms governing LOX-1 expression in

LOX-1 Signaling in Acute Lung
Inflammation

the lung remain undetermined. Early proinflammatory
mediators including TNF-a and IL-1$ have been shown
to regulate LOX-1 expression in vascular cells [26, 27].
However, their potential roles in LOX-1 expression in in-
jured lung still await investigation.

Several adhesion molecules are required for the initial
interactions of neutrophils with the lung vasculature: se-
lectins for rolling and early attachment, and VCAM-1 or
ICAM-1 for firm adhesion [6]. In our studies, we demon-
strated that LPS-induced neutrophil accumulation in the
lung was partially inhibited by the LOX-1 blocking anti-
body, which was associated with the inhibition of LPS-
induced ICAM-1 expression by LOX-1 blockade. Since
LOX-1 can also serve as a neutrophil adhesion molecule,
upregulation of both ICAM-1 and LOX-1 expression by
LPS challenge may play important roles in early recruit-
ment of neutrophils to the lung.

The functional involvement of LOX-1 in lung vascular
inflammation is probably more complex than just the in-
duction of vascular adhesiveness. LOX-1 appears to play
diverse roles in proinflammatory signaling and endothe-
lial dysfunction [28-31]. Binding of oxidized LDL to LOX-
1 has been reported to inhibit intracellular nitric oxide
synthesis and increase superoxide production in endothe-
lial cells [28]. LOX-1 activation is associated with increased
expression of proinflammatory mediators TNF-a and IL-
1[31]. LOX-1-dependent activation of PKC has been shown
to stimulate the expression of matrix metalloproteinases
(MMPs) [30]. MMPs are recognized as critical players in
lung inflammation [32, 33]. Furthermore, LOX-1 activa-
tion and the resultant oxidant and cytokine production
have been linked to pro-apoptotic signaling in endothe-
lial cells [31]. Endothelial apoptosis is a major contribut-
ing factor in LPS-induced lung vascular injury [34]. Acti-
vation of caspases is one of the intracellular events leading

J Innate Immun 2009;1:358-365 363



to apoptosis [34]. We showed that LPS-induced caspase-3
activation in mouse lung, which may lead to lung endo-
thelial apoptosis and vascular injury. Importantly, LPS in-
duced caspase-3 activation was strongly inhibited by
LOX-1 blockade, implicating an important role of LOX-1
in LPS-induced apoptotic signaling in the lung.

The role of NF-kB in LPS-induced transcriptional
regulation of proinflammatory mediators including cy-
tokines, chemokines and adhesion molecules is well es-
tablished [35, 36]. LPS has been reported to induce NF-
kB-dependent ICAM-1 expression in mouse lung [22]. In
the present study we showed that LPS-induced NF-kB
activation and ICAM-1 expression in the lung were both
significantly inhibited by LOX-1 blocking antibody. In-
terestingly, LOX-1 expression in the injured lung was not
affected by anti-LOX-1 antibody treatment, suggesting
that the expression of LOX-1 is regulated by a different
mechanism. LOX-1 activation has been shown to induce
NF-kB activation via oxidant production in endothelial
cells [37]. The induction of oxidative stress in injured
lung could be a potential mechanism in LOX-1-mediated
NF-kB activation. Neutrophil accumulation is a major
cause of NF-kB activation in the lung [38]. Our studies
demonstrated that LPS-induced neutrophil recruitment
to the injured lung was inhibited by anti-LOX-1 antibody,
which may at least partially explain the decreased lung
NF-kB activation by anti-LOX-1 treatment.

Neutrophil recruitment to the lung vasculature has
also been reported to disrupt endothelial junctions and
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