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Abstract

Recent studies have shown a strong correlation between air pollution-exposure and detrimental
out-comes in the central nervous system, including alterations in blood brain barrier (BBB)
integrity, neuroinflammation, and neurodegeneration. However, the mechanisms mediating these
pathologies have not yet been fully elucidated. We have previously reported that exposure to
traffic-generated air pollution results in increased circulating oxidized low-density lipoprotein
(oxLDL), associated with alterations in BBB integrity, in atherosclerotic Apolipoprotein E null
(ApoE™") mice. Thus, we investigated the role of the lectin-like oxLDL receptor (LOX)-1 in
mediating these deleterious effects in ApoE ™'~ mice exposed to a mixture of gasoline and diesel
engine exhaust (MVE: 100 PM pg/m?3) for 6h/d, 7d/week, for 30 d by inhalation. Concurrent with
exposures, a subset of mice were treated with neutralizing anti-bodies to LOX-1 (LOX-1 Ab) i.p.,
or 1gG (control) i.p., every other day during exposures. Resulting brain microvascular integrity,
tight junction (TJ) protein expression, matrix metalloproteinase (MMP)-9/-2 activity, ROS, and
markers of cellular adhesion and monocyte/macrophage sequestration were assessed. MVE-
exposure resulted in decreased BBB integrity and alterations in microvascular TJ protein
expression, associated with increased LOX-1 expression, MMP-9/-2 activities, and lipid
peroxidation, each of which was attenuated with LOX-1 Ab treatment. Furthermore, MVE-
exposure induced cerebral microvascular ROS and adhesion molecules, expression of which was
not normalized through LOX-1 Ab-treatment. Such findings suggest that alterations in brain
microvascular structure and integrity observed with MVE-exposure may be mediated, at least in
part, via LOX-1 signaling.
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Introduction

Several recent studies have revealed a clear correlation between exposure to components of
air pollution and detrimental central nervous system (CNS)-related outcomes, including
exacerbation of cerebrovascular disease, neuroinflammation, and stroke (Block et al., 2013;
Brook et al., 2010; Calderon-Garciduefias et al., 2016; Crichton et al., 2016). While a strong
association exists between inhalation exposure to traffic-generated air pollutants and
cerebrovascular events such as stroke (Korek et al., 2015; Stafoggia et al., 2014), the
pathways involved have not yet been fully elucidated. One possible mechanism that may
mediate the effects of air pollution exposure on the CNS is via alterations in blood brain
barrier (BBB) integrity and transport (Block et al., 2013, Calderdn-Garciduefias et al., 2008,
2016; Oppenheim et al., 2013). The BBB is a dynamic neurovascular unit consisting of
microvascular endothelial cells, pericytes, and the foot-processes of astrocytes, which is
responsible for regulating transport between the systemic circulation and the CNS. The
microvascular endothelial cells that comprise the BBB are unique in that they are joined via
tight junction (TJ) proteins including junctional adhesion molecules, occludin, and claudins
(Hawkins & Davis, 2015). Alterations in expression of TJ proteins is associated with
increased BBB permeability and dysregulation of transport into the brain parenchyma (Jiao
et al., 2011; Oppenheim et al., 2013; Zehendner et al., 2013). The interaction of the
extracellular matrix of the basal lamina that surrounds the microvascular endothelium also
helps to maintain the integrity of the BBB, as disruption of the extracellular matrix is
strongly correlated with altered BBB structure and increased permeability (Fujimoto et al.,
2015; Willis et al., 2013). Additionally, alterations in brain microvascular integrity are often
associated with increased matrix metalloproteinase (MMP) expression and activity,
specifically MMP-9, which is known to degrade components of the extracellular matrix
(Abdul-Muneer et al., 2016; Oppenheim et al., 2013; Ren et al., 2015).

One key factor that is reported to be upregulated with exposure to traffic-generated air
pollution, in both human exposures and animal research models, is plasma oxidized low-
density lipoprotein (oxLDL) (Jacobs et al., 2011; Lund et al., 2009; Zhang et al., 2016).
Increased production of oxLDL is associated with endothelial dysfunction and activation of
inflammatory signaling pathways (Lubrano & Balzan 2016; Shiraki et al., 2014). The lectin-
like low-density lipo-protein oxLDL receptor (LOX-1), a scavenger receptor, is known to be
the primary oxLDL receptor present on endothelial cells. LOX-1 has been reported to
regulate oxLDL uptake, apoptosis, ligand-mediated signal transduction pathways that
regulate expression of proatherogenic molecules such as vascular cellular adhesion molecule
(VCAM)-1, intracellular adhesion molecule (ICAM)-1, monocyte chemo-attractant protein
(MCP)-1, MMP-9, and also reactive oxygen species (ROS) production via NAD(P)H
oxidase activity in the vasculature (Di Pietro et al., 2016; Feng et al., 2014; Lund et al.,
2011; Mollace et al., 2015). While the role of LOX-1 signaling has been well characterized
in the pathogenesis of atherosclerosis, more recent reports reveal that LOX-1 is also a key
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player in onset and/or outcome of stroke (Shen et al., 2016). This premise is further
evidenced by increased levels of soluble LOX-1 (sLOX-1), which is the soluble form of the
(cleaved) LOX-1 membrane receptor found circulating in the plasma (Murase et al., 2000),
observed during acute ischemic stroke (Huang et al., 2017; Yokota et al., 2016).

We have previously reported that exposure to vehicle engine exhaust results in elevated
plasma oxLDL, increased LOX-1 receptor expression in the systemic vasculature, and BBB
disruption associated with increased MMP-9 activity and decreased TJ (claudin-5 and
occludin) protein expression in an animal model of atherosclerotic disease, namely the
Apolipoprotein (Apo)E~'~ mouse (Lund et al., 2011; Oppenheim et al., 2013). However, the
mechanisms involved in the observed exposure-mediated alterations in BBB permeability
and transport have not yet been elucidated. Additionally, we have shown that plasma
sLOX-1 levels are significantly elevated in humans after an acute exposure to diesel exhaust
(Lund et al., 2011). Thus, we investigated the hypothesis that exposure to traffic-generated
air pollution, namely a mixture of gasoline and diesel engine emissions, results in increased
LOX-1 expression and signaling on brain microvascular endothelial cells, which mediates
altered BBB integrity and permeability in ApoE~~ mice. The rationale for using the ApoE
~/~ mouse model in the current study is two-fold: (1) it allows us to investigate the
mechanism(s) involved that contribute to pollution-exposure mediated alterations in brain
microvascular integrity and BBB integrity reported in our previous studies, using the same
animal model (Oppenheim et al., 2013); and (2) when fed a high fat diet, ApoE™~ mice
develop atherosclerosis similar in etiology to that observed in much of the human
population, including obese children and adolescents (Beauloye et al., 2007; Zhang et al.,
1992). As such, this animal model provides a baseline cardiovascular disease state known to
contribute to cerebrovascular disease. Since air pollution exposure has been strongly
associated with increased incidence (and poorer prognostic outcome) of stroke, in addition
to mediating decreased BBB integrity, it is imperative to gain a further understanding of
mechanistic pathways involved that may serve as targets for therapeutic intervention, or
biomarkers of onset of a clinical occurrence, in susceptible individuals during periods of
high air pollution levels.

Materials and methods

Animal inhalation exposure and LOX-1 antibody treatment protocol

Eight-week-old male ApoE~'~ mice (Taconic, Hudson, NY) were placed on a high-fat diet
(TD88137 Custom Research Diet, Harlan Teklad: 21.2% fat, 1.5g/kg cholesterol) 30 d
before exposure. ApoE ™~ mice were exposed by whole body inhalation to either 100 ug
particulate matter (PM)/m3 mixed vehicle exhaust (MVE: 30 ug PM/m3 gasoline engine
exhaust mixed with 70 ug PM/m3 diesel engine exhaust in a pre-exposure chamber upstream
of the animal exposure chamber; /7= 40) or filtered air (FA, 7= 40) 6h/d, 7 d/week, for 30 d,
as previously described (Lund et al., 2009, 2011; Oppenheim et al., 2013). These exposure
mixtures (gases and PM component size/complexity) have been previously characterized in
detail (Lund et al., 2009; Mumaw et al., 2016; Tyler et al., 2016). ApoE~/"mice in each
exposure group were randomly assigned to receive either LOX-1 neutralizing antibody (Ab)
(anti-mouse LOX-1/SR-E1 Ab; R&D Systems, Minneapolis, MN; n= 20) or control (mouse
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IgG, n=20) at 16 mg/ml, 0.1 ml/mouse, i.p., every other day throughout the exposure, as
previously described (Lund et al., 2011). Mice were housed in standard shoebox cages
within an Association for Assessment and Accreditation of Laboratory Animal Care
International-approved rodent housing facility (2 m3 exposure chambers) for the entirety of
the study, which maintained constant temperature (20-24 °C) and humidity (between
parameters of 30-60% relative humidity). Mice had access to chow and water ad libitum
throughout the study period, except during daily exposures when chow was removed. All
procedures were approved by the Lovelace Biomedical and Environmental Research
Institute’s Animal Care and Use Committee (AAALAC-accredited Assurance #A3083-01;
USDA-registered facility #85-R-003) and conform to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996).

Tissue collection

Upon completion of the designated exposure period, animals were sacrificed 14-16 h after
their last exposure, and tissues were collected. In an effort to minimize any suffering, mice
were anesthetized with Euthasol (390 mg pentobarbital sodium, 50 mg phenytoin
sodium/ml; diluted 1:10 and administered at a dose 0.1 ml per 30 g mouse) and euthanized
by exsanguination. The brain tissue was carefully dissected from the skull, meninges were
removed, split in half at the sagittal suture and were either (1) embedded in OCT (VWR
Scientific, West Chester, PA, USA) and frozen on dry ice or (2) immediately snap frozen in
liquid nitrogen for molecular assays. All tissues were stored at —80 °C until processed for
analysis. For vessel-specific real-time RT-PCR endpoints the vessels were carefully
dissected from the cerebrum using a dissecting stereo zoom microscope, with a micrometer
to approximate vessel size, as previously described by our laboratory (Oppenheim et al.,
2013).

Double immunofluorescence

Brain sections (10 um, midsagittal cut/plane) were prepared for either LOX-1, occludin,
claudin-5, MMP-9, or 4-hydroxynonenal (4-HNE) by double immunofluorescence, as
previously described by our laboratory (Lund et al., 2011; Oppenheim et al., 2013). Briefly,
sections were blocked in 10% goat serum for 30 min at RT, rinsed in

PBS, and incubated with 150 pl per section of mixed anti-rabbit LOX-1 (1:1000 dilution;
Abcam, Cambridge, MA, USA), or occludin (1:500; Abcam, Cambridge, MA, USA), or
claudin-5 (1:500; Abcam, Cambridge, MA, USA), or MMP-9 (1:1000; Abcam, Cambridge,
MA, USA), or 4-HNE (1:1000; Abcam, Cambridge, MA, USA), and anti-sheep VWF
(1:1000 dilution; Abcam, Cambridge, MA, USA), in order to determine endothelial cell-
specific co-localization, for 1 h at RT. Slides were then rinsed three times with PBS and
incubated with 150 pl per section of a mixture of secondary antibodies Alexa Fluor 488
(anti-rabbit) and Alexa Flour 555 (anti-sheep) (1:500 dilution; ThermoFisher Scientific,
Richardson, TX, USA) and Hoechst nuclear stain in the dark for 1 h at RT. Slides were then
rinsed three times in PBS, and coverslipped with Aqueous Gel Mount (Sigma, Darmstadt,
Germany). Slides were imaged by fluorescent microscopy at 10 x, 40 x, and 100 x using the
appropriate excitation/emission filters, digitally recorded, and analyzed by image
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densitometry using Image J software (NIH). Double immunofluorescence was quantified by
merging Alexa 488 (fluorescein isothiocyanate) and Alexa 555 (RFP) signals into red-green-
blue (RGB) images. Colocalization was determined by quantifying total fluorescence of
over-layed signals from a minimum of three slides, two sections each, three regions from
each section (/7= 3-4 per group). Only vessels less than 100 um in size from cerebral
sections were utilized for fluorescence analysis.

BBB permeability

Changes in BBB permeability were assessed using the fluorescent tracer, sodium fluorescein
(Na-F) in a subset of mice on the study. A subset of the ApoE ™~ mice exposed to either FA
(n=6 LOX-1 Ab-treated, 7= 6 IgG treated) or MVE (=6 LOX-1 Ab-treated, 7= 6 1gG
treated) were injected i.p. with 100 pl of 2% Na-F in 1x PBS 30 min prior to the end of their
final exposure on day 30. For this procedure, the chambers were opened briefly by
technicians wearing the appropriate personal protective equipment, and animals were
quickly injected with Na-F i.p., put back in the cages and then chambers were closed to
complete exposures. Mice were anesthetized 1 h post exposure and transcardially perfused
with sterile saline until colorless perfusion was visualized. The brains were isolated, and the
meninges, cerebellum, and brain stem were gently dissected away. The brains were weighed,
homogenized and analyzed for Na-F fluorescence, as previously described (Oppenheim et
al., 2013). Data are expressed as the amount of tracer per gram of tissue.

In situ zymography

Matrix metalloproteinase activity was analyzed on serial brain sections (10 um thick), using
150 pl of 10 ug/ml dye-quenched (DQ)-Gelatin (EnzChek, Molecular Probes, Invitrogen,
Carlsbad, CA, USA) and 1 pg/ml DAPI (nuclei stain; Invitrogen, Carlsbad, CA, USA) in 1%
UltraPure™ low melting point agarose (Invitrogen, Carlsbad, CA, USA) cover-slipped,
chilled for 5 min at 4 °C, and then incubated for 6h in a dark, humid chamber at 37 °C, as
previously described by our laboratory (Lund et al., 2009, 2011; Oppenheim et al., 2013).
Slides were analyzed using fluorescent microscopy and densitometry was calculated using
white/black images and quantified using Image J software (NIH, Bethesda, MD, USA,;
performed on six sections per sample, three regions per section, six samples per group).
Background fluorescence (fluorescence present in total image outside of the vessel) was
subtracted from each section before statistical comparison between groups.

Dihydroethidium (DHE) staining

To visualize ROS levels in the brains of study animals, 10 pm unfixed, frozen sections
(midsagittal cut/plane) were processed through DHE staining using 150 ul of 10 uM DHE,
slides were then cover-slipped and incubated at 37 °C for 45 min, as previously described by
our laboratory (Lund et al., 2009, 2011; Oppenheim et al., 2013). Ethidium staining was
visualized by fluorescent microscopy at 40 x on an EVOS FL-inverted microscope
(ThermoFisher, Scientific, Richardson, TX, USA), digitally recorded, and analyzed by
image densitometry (color images converted to white/black) using Image J software, from
minimum of three slides, two sections each, three regions from each section (7= 3-4 per
group). A subset of slides (two sections per slide, 7= 3 per treatment/exposure group) were
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pretreated with flavoenzyme inhibitor, diphenyleneiodonium (DPI, 0.1 mM, Sigma, St
Louis, MO, USA) in dark, moist chamber at 37 °C for 30 min prior to DHE staining.

Real-time reverse transcriptase polymerase chain reaction (RT-qPCR)

Total RNA was isolated from cerebral vessels that were dissected from the cerebrum, using a
zoom stereoscope (45x), as previously described by our laboratory (Oppenheim et al., 2013).
RNA was isolated using an RNAEasy Mini kit (Qiagen, Valencia, CA, USA), per kit
instructions. cDNA was synthesized using an iScript cDNA Synthesis kit (Biorad, Hercules,
CA, USA; Cat. #170-8891). Real-time PCR analyzes of LOX-1, MCP-1, MMP-9,
VCAM-1, ICAM-1, or GAPDH (house-keeping gene) were conducted using specific
primers (Table 1) and SYBR Green detection (SSo Advanced Universal SYBR Green
Supermix; Biorad, Hercules, CA, USA; Cat #172-5271), following manufacturer’s protocol.
Real-time PCR analysis was run on a Biorad CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). AACT values calculated using CFX Manager™
Software (Bio-Rad, Hercules, CA, USA) and normalized (to GAPDH) on triplicate samples,
as previously described by our laboratory (Lund et al., 2009, 2011). Results are expressed as
normalized gene expression as a percentage of GAPDH controls.

Statistical analysis

Results

Data are expressed as mean + SEM. Two-way analysis of variance with a post hoc Holm-
Sidak test was used for analysis of multiple treatment and exposure groups. Statistical
analyzes were conducted in SigmaPlot v12 (Systat Software, Inc., San Jose, CA, USA)
software. A p< 0.050 was considered statistically significant.

MVE-exposure mediated LOX-1 expression in cerebral microvascular endothelial cells is
normalized by LOX-1 Ab-treatment in ApoE~'~ mice

We have previously reported that exposure to traffic-generated air pollution results in
increased circulating oxLDL and vascular endothelial cell LOX-1 expression by day 7 of
exposure, which is normalized in ApoE™~ mice with LOX-1 Ab treatment (Lund et al.,
2011). In the current study, compared to FA controls (Figure. 1(A-C)) and FA + LOX-1 Ab
(Figure 1(D-F)), we observed a more than two-fold increase in cerebral microvascular
endothelial LOX-1 levels in MVE-exposed ApoE ™~ mice (+1gG) (Figure 1(G-1)) at both the
tissue level (Figure 1(M)) and transcript level (Figure 1(N)), which was attenuated through
LOX-1 Ab-treatment (Figure 1(J-L)). There is also a slight decrease in endothelial
microvascular LOX-1 levels observed between FA + 1gG vs. FA + LOX-1 Ab animal groups
(Figure 1(C vs. F), respectively), though not statistical. These findings are not unexpected
considering oxLDL expression mediates LOX-1 expression in the vasculature, and baseline
oxLDL levels are increased in ApoE~~ mice when placed on a high-fat diet (Kato et al.,
2009). Therefore, these results suggest that inhalation MV E-exposure results in increased
LOX-1 expression in the endothelial cells of the cerebral microvasculature. Figure 1(M)
shows representative (co-localized) endothelial LOX-1 expression across study groups;
whereas Figure 1(N) is cerebral microvessels LOX-1 mRNA levels, as assessed by real-time
gPCR.
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MVE-mediated BBB disruption, associated with increased MMP-9 expression, is
attenuated with LOX-1 ab treatment in ApoE~'~ mice

To assess alterations in BBB transport and permeability resulting from LOX-1 signaling
induced by MVE-exposure, a subset of mice from each group on the study were injected
with the molecular fluorescent tracer, sodium fluorescein (Na-F), on the final day of the
study exposures. As Na-F is a molecule with an MW of 376.3 Da, it would typically have
limited transport from the blood across an intact BBB under homeostatic conditions, thus the
presence of FITC fluorescence in the cerebral parenchyma indicates altered BBB integrity
and increased permeability. In agreement with our previous studies, we observe that MVE-
exposure results in greater than a 2-fold increase in FITC fluorescence in the cerebrum of
ApoE~'~ mice, as compared to FA controls (Figure 2), suggesting MVE-exposure mediated
increase in BBB permeability. Furthermore, brains from LOX-1 Ab-treated MVE-exposed
mice showed a significant decrease in fluorescence compared to MVE (+1gG) exposed
animals (Figure 2).

Lectin-like oxLDL receptor signaling is known to mediate induction of MMP-9 activity in
vascular endothelial cells, and increased MMP-9 activity in the BBB has been shown to
decrease BBB integrity via increased TJ protein degradation (Mahajan et al., 2012; Ren et
al., 2015). We have previously reported that MMP-9 expression and activity are upregulated
in the cerebral microvasculature of MVE-exposed ApoE~'~ mice (Oppenheim et al., 2013),
which was confirmed in the current studies (Figure 3). To determine whether LOX-1
signaling mediates MMP expression and/or activity in the cerebral microvasculature, we
analyzed transcript levels of MMP-9 and /n situ zymography for gelatinase (MMP-2 and —9)
activity. LOX-1 Ab-treatment resulted in decreased MMP-9 activity levels in MVE exposed
ApoE~~ cerebral microvessels (Figure 3(D,E)), compared to MVE + IgG animals (Figure
3(C)); however, these levels were still elevated in comparison to FA-exposed animals (Figure
3(A,B)). Interestingly, a more significant decrease was observed in cerebral microvascular
MMP-9 mRNA transcript levels from the MVE + LOX-1 Ab-treated group, in comparison
to gelatinase activity levels; however, overall trends in transcript expression were similar to
those observed for activity with /n situ zymography analysis, as shown in Figure 3(E vs. F).
The difference between MMP activities vs. transcript levels may be due, in part, to the fact
that in situ zymography cannot differentiate MMP-2 vs. MMP-9 activity, whereas RT-gPCR
analysis is specific for MMP-9 expression; suggesting a possible role for MMP-2 activity
and/or alterations in tissue inhibitor of matrix metalloproteinase (TIMP1/2) expression in
MVE-exposure mediated BBB disruption.

LOX-1 Ab treatment attenuates MVE-exposure mediated decreases in BBB TJ proteins and
oxidative stress

As increased BBB permeability is often associated with decreased expression of TJ proteins,
we analyzed the endothelial expression of claudin-5 and occludin in the cerebral
microvasculature of our study animals via double-immunofluorescence/co-localization. In
agreement with our previous studies, compared to FA-exposed mice + 1gG (Figures 4(A-C)
and 5(A-C)) and FA + LOX-1 Ab mice (Figures 4(D-F) and 5(D-F)), MVE-exposure results
in decreased expression of both claudin-5 (Figure 4: ~37% reduction) and occludin (Figure
5: ~51% reduction) in cerebral micro-vessels of ApoE~'~ mice + IgG (Figures 4(G-I) and
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5(G-I), respectively). And while LOX-1 Ab-treatment prevented the significant reduction in
TJ protein expression mediated by MVE-exposure (Figures 4(J-L) and 5(J-L)), levels were
not completely normalized compared to FA (+1gG or + LOX-1 Ab) control animals.
Interestingly, LOX Ab-treatment appears to increase TJ protein expression of both claudin-5
and occludin in the cerebral microvasculature of ApoE™~ mice, albeit not statistically. This
may be due to the overall decreased baseline integrity of the BBB observed in the ApoE~~
mouse model, due to the universal knockout down of ApoE~'~, which is known to contribute
to BBB integrity. Relative fluorescence, as quantified by total co-localized fluorescence per
unit area, is shown in Figures 4(M) and 5(M). Such findings suggest that LOX-1 signaling is
involved in altering brain microvascular integrity, which can lead to BBB disruption and
deregulated transport from the blood into the brain parenchyma.

To analyze the role of LOX-1 signaling in MVE-induced oxidative stress in the cerebral
microvasculature of ApoE~'~ mice, which is also associated with BBB disruption, we used
dihydroethidium (DHE) staining as an indicator of super-oxide production and endothelial-
specific 4-hydroxynonenal (4-HNE) immunofluorescence as a marker of lipid peroxidation.
In comparison to that observed in FA + 1gG animals (Figures 6(A) and 7(A-C)) and FA +
LOX-1 Ab (Figures 6(B) and 7(D-F)), MVE-exposure induced a statistical increase in both
cerebral microvascular ROS (~2.2-fold) and lipid peroxidation (~3.7-fold) levels (Figures
6(C) and 7(G-1)) in MVE + IgG ApoE~~ mice, as determined by ANOVA. While LOX-1
Ab-treatment did not effectively reduce ROS (DHE) levels in the cerebral microvasculature
(Figure 6(D, E)), 4-HNE levels were attenuated in the MVE + LOX-1 Ab treatment group
(Figure 7(3-M)), compared to those levels observed in the MVE + IgG group. In a subset of
slides processed through DHE staining, sections were pretreated with the broad-spectrum
flavoenzyme inhibitor, diphenyleneiodonium (DPI), in an effort to determine whether MVE-
mediated LOX-1 activation is driving production of ROS via NADPH oxidase signaling.
Interestingly, while DPI-treatment did decrease ROS (as indicated by DHE) in cerebral
microvessels of MVE-exposed ApoE ™'~ mice (~40%), ROS levels were still significantly
increased compared to FA control animals (Figure S1(A,B) vs. (C,D)). Based on these
observations, it appears NADPH oxidase is not the only source of ROS production in the
cerebral microvasculature of ApoE~'~ mice exposed to MVE. However, LOX-1 receptor
signaling does promote NADPH oxidase-mediated ROS production in the cerebral
vasculature of MVE-exposed animals (Figure S1(C)), as evidenced by the significant
reduction in DHE in the LOX-1- Ab treated animals (Figure S1(D)).

LOX-1 mediates expression of VCAM-1 and MCP-1, but not ICAM-1 in the cerebral
vasculature of MVE-exposed ApoE™~ mice

In an effort to investigate other proatherogenic signaling pathways, known to contribute to
atherosclerotic plaque growth and/or other stroke-related vascular events, we analyzed
alterations in MVE and LOX-1- mediated mRNA transcript expression of VCAM-1,
ICAM-1, and MCP-1. Our results show that MVE-exposure increases ICAM-1, VCAM-1,
and MCP-1 in the cerebral vasculature (Figure 8(A-C), respectively), which is mediated in
part via the LOX-1 receptor, suggesting MVE-exposure stimulates increased leukocyte
recruitment and adhesion to endothelial cells in the cerebral vasculature. Interestingly, while
we did observe increases in both ICAM-1 and MCP-1 mRNA in the cerebral vasculature of
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MVE-exposed ApoE~'~ mice (Figure 8(C)), LOX-1 Ab treatment did not significantly
attenuate the increase in expression. Such results suggest that both ICAM-1 and MCP-1
expression are likely mediated by other signaling pathways, in addition to LOX-1, following
MVE-exposure.

Discussion

There are an increasing number of reports in the literature that show a strong association
between exposure to air pollution and detrimental outcomes in the CNS, which include both
neuroinflammatory and neurodegenerative pathologies (Calderén-Garciduefias et al., 2008,
2016; Stafoggia et al., 2014). Additionally, recent reports detail exposure to environmental
air pollution as a leading risk factor for stroke and/or mortality from stroke (Block et al.,
2013; Crichton et al., 2016; Feigin et al., 2016; Scheers et al., 2015; Vidale et al., 2010).
Thus, it is imperative to investigate the path-ways by which this environmental pollutant
source may be contributing to these detrimental effects in the CNS. We, as well as others,
have previously reported that exposure to air pollution results in neurovascular dysfunction,
specifically disruption of BBB integrity and increased permeability (Calderén-Garciduenias
et al., 2008, 2016; Oppenheim et al., 2013). These previous studies report that exposure-
mediated alterations in brain microvascular integrity were associated with decreased TJ
protein expression and inflammation; however, the signaling pathways involved have not yet
been fully elucidated. Thus, we investigated the hypothesis that exposure to traffic-generated
air pollution results in altered cerebral microvascular integrity and transport, via an LOX-1
signaling pathway, in ApoE~~ mice. Utilizing this particular animal model presents
limitations, as the Apo E protein is involved in the structural integrity and transport across
the BBB (Bell et al., 2012; Nishitsuji et al., 2011). Nevertheless, using this model also
provides benefits to this study, as it allows us to utilize a model with a baseline
atherosclerotic pathology present in the vasculature that is consistent with that observed in
the majority of the human population, including obese children and adolescents (Beauloye et
al., 2007). Additionally, since our previous studies on MVE- mediated alterations in BBB
transport and integrity were completed with the ApoE ™~ mouse model, utilizing the same
model for the current study allows for investigation into mechanistic pathways and also a
more comprehensive understanding of what may occur when multiple “insults” and/or
pathologies are present during periods of exposure to high levels of air pollution.
Importantly, we utilized the same physiologically relevant route of exposure and
concentrations (100 PM pg/m3) of MVE as those in our previously reported study
(Oppenheim et al., 2013). While higher than that which would likely be experienced in a
daily environmental exposure scenario, the concentration of 100 PM pg/m3 of MVE used in
the current studies are comparable to theoretical “high exposure” environmental scenarios
(e.g. close proximity to congested roadway “plumes”), occupational exposure scenarios,
and/or those experienced in highly populated urban settings (Occupational Health
Regulations: Exposure Limits for Particulates. Dieselnet, 2006; World Health Organization
(WHO) Ambient Air Pollution Database, 2016).

The LOX-1 scavenger receptor is the primary receptor for oxLDL on endothelial cells
(Sawamura et al., 1997), which typically has low basal expression. However, LOX-1
expression is significantly upregulated in the vasculature during pathophysiologic conditions
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and/or when circulating oxLDL is elevated (Li & Mehta, 2000; Mehta et al., 2006). The
LOX-1 receptor can undergo proteolytic cleavage of the extracellular domain, resulting in a
circulating soluble fraction sSLOX-1 (Murase et al., 2000). Thus, SLOX-1 levels can be a
useful diagnostic biomarker of cardiovascular disease (Hayashida et al., 2005). A potential
role for LOX-1 signaling in the pathogenesis of stroke is only beginning to emerge; however,
sLOX-1 has been reported to be elevated during acute ischemic stroke in humans and/or
animal models (Shen et al., 2016; Yokota et al., 2016). We have previously reported that
exposure to traffic-generated pollutants results in increased circulating oxLDL, aortic LOX-1
expression, and elevated plasma sLOX-1 in both animal models and human exposure
scenarios (Lund et al., 2011). Therefore, LOX-1 signaling may be a key mechanistic
pathway mediating the effects of air pollution exposure on the cerebral vasculature
contributing to and/or exacerbating stroke outcomes. Thus, we investigated the role of MVE-
mediated induction of LOX-1 signaling in the cerebral microvessels using LOX-1 antibody
treatment throughout the exposures. Our data show that LOX-1 Ab treatment resulted in
reduced endothelial LOX-1 expression in the cerebral microvessels of ApoE ™~ mice;
however, LOX-1 mRNA levels remained elevated in the MVE + LOX-1 Ab, compared to
control (FA + 1gG) expression, though differences observed are not significant. The lack of
complete “normalization” of LOX-1 mRNA levels in the cerebral microvasculature is likely
due to the premise that LOX-1 is a multi-ligand scavenger receptor whose expression is
known to be upregulated via ligand interactions. The ligands and other factors known to
upregulate LOX-1 expression include proinflammatory cytokine expression and/or vaso-
active peptides, such as endothelin (ET)-1 (Xu et al., 2013). While the current study did not
assess these specific endpoints, it has previously been reported that exposure to traffic-
generated air pollutants increases ET-1 signaling path-ways in both animal models and
human exposures (Lund et al., 2009; Shen et al., 2016). In agreement with our previous
findings in the systemic vasculature (Lund et al., 2011), we observed a decrease in oxidative
stress in the cerebral microvasculature, assessed by 4-HNE staining, in the LOX-1 Ab-
treated ApoE ™/~ mice exposed to MVE. Interestingly, we did not observe an attenuation of
ROS (DHE) levels in the cerebral microvasculature with LOX-1 Ab treatment. As DHE
fluorescence is indicative of superoxide production, these collective findings suggest that
multiple types of ROS/ radicals (e.g. hydrogen peroxide, hydroxyl radicals, lipid peroxyl
radicals, etc.) are likely involved in promoting the overall increase in oxidative stress
observed in the cerebral microvasculature of MVE-exposed animals. However, we did
measure a decrease in LOX-1-mediated ROS levels through pretreatment with DPI (NOX-
inhibitor), suggesting LOX-1 driven NAPDH oxidase activity is responsible for the
production of at least some ROS observed in the cerebral microvasculature resulting from
MVE-exposure.

MMP-9 is an enzyme that is known to degrade several components of the extracellular
matrix in the basal lamina surrounding cerebral vessels. Increased MMP-9 levels have been
associated with BBB disruption, increased stroke infarct size and/or severity, and also
occurrence of hemorrhagic transformation in stroke (Castellanos et al., 2003; Horstmann et
al., 2003; Montaner et al., 2001; Rodriguez-Yanez et al., 2006; Romanic et al., 1998; Sotgiu
et al., 2006). We have previously reported that MVE-exposure increases MMP-9 expression
and activity in the vasculature, which was (at least in part) mediated by increased ET-1
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signaling (Lund et al., 2009). MMP-9 expression in vascular endothelial cells is also known
to be upregulated through multiple other pathways, including Angiotensin (Ang)-11 and
LOX-1 signaling (Guo et al., 2015; Mehta et al., 2006). While LOX-1 Ab treatment resulted
in a significant reduction of MMP-9 mRNA expression and activity in the microvasculature
of MVE-exposed ApoE ™~ mice, these levels were not normalized to those observed in the
control animals. Interestingly, we observed a more pronounced attenuation in MMP-9
mMRNA expression vs. gelatinase (MMP-2 and —-9) activity with LOX-1 Ab-treatment in
MVE-exposed cerebral micro-vessels. These findings suggest MMP-2 may also be
upregulated with MVE-exposure (thus the higher activity level), which is not directly
mediated by LOX-1 signaling. Additionally, there may be exposure-mediated alterations in
expression of tissue inhibitors of matrix metalloproteinases (TIMP)-1 or -2, and subsequent
inhibition of MMP-2 or -9 activity. When considering factors that mediate MMP-9
expression and/or activity, and that we have previously reported at least some of these
factors are upregulated with traffic-generated pollutant-exposure, it is likely that there are
multiple signaling pathways involved in MMP-9 expression and activity in these tissues.
Additional studies, with appropriate inhibitors, are currently underway in our laboratory to
further elucidate the signaling pathways involved in MVE-induced MMP-9 expression and
activity in the cerebral vasculature.

Importantly, increased MMP-9 activity has been reported to mediate BBB disruption, via
alterations in TJ protein expression, in both human and animal model exposure scenarios
(Barr et al., 2010; Bauer et al., 2010). We have previously reported that MVE-exposure
results in BBB disruption associated with decreased TJ protein expression in ApoE ™~ mice
(Oppenheim et al., 2013), which has also been observed in the brains of children living in
urban areas with high levels of air pollution (Mexico City) (Calderon-Garciduenas et al.,
2016). In the current study, our results show that LOX-1 mediated signaling is correlated to
decreased microvascular TJ protein expression and BBB integrity in ApoE ™~ mice. These
findings may;, at least in part, account for the poorer prognostic outcome associated with
stroke occurrence on days with elevated levels of ambient air pollution, as increased MMP-9
activity and BBB disruption are associated with hemorrhagic transformation and/or
complications during ischemic stroke (Jickling et al., 2014; Ljungman & Mittleman, 2014;
Turner & Sharp, 2016). Additionally, neurovascular BBB dysfunction is also associated with
neurodegeneration and dementia-related disorders, such as Alzheimer’s disease (Nelson et
al., 2016), occurrence of which is reported to be associated with exposure to high levels of
ambient and/or traffic-generated air pollution in both children and adults [rev. in Xu et al.
(2016)]. Thus, it is imperative to gain a more in-depth understanding of the pathways
involved, as well as the components and/or mixtures of air pollution that drive these
detrimental responses, in order to address both environmental regulatory issues and
therapeutic options for exposure-related effects in the CNS.

In agreement with previously published reports of air pollution exposure-mediated induction
of VCAM-1, ICAM-1, and MCP-1, both /in vivoand in vitro (Bind et al., 2012; Shaw et al.,
2011), we observe an MVE-mediated increase in these proatherogenic signaling factors in
the cerebral micro-vasculature of ApoE™~ mice. Adhesions molecules, such as ICAM-1 and
VCAM-1, are known to play a role in inflammation, activation of endothelial cells, and
transendothelial migration of leukocytes. Expression of ICAM-1 and VCAM-1 are reported
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to be elevated during the pathogenesis of acute stroke, as well as the progression of ischemic
injury following stroke (Frijns et al., 1997; Supanc et al., 2011). Additionally, the infiltration
of leukocytes during stroke, sequestered via signaling molecules such as MCP-1, can result
in increased tissue injury during an ischemic stroke (Losy & Zaremba, 2001). Thus, while
the upregulation of these factors may not directly lead to the onset of a stroke, they may
exacerbate the effects of air pollution on the neurovascular unit leading to exaggerated injury
and/or poorer prognostic outcome. Interestingly, while LOX-1 signaling appears to mediate
VCAM-1 expression in the cerebral vasculature of ApoE ™~ mice, LOX-1 Ab-treatment did
not significantly attenuate MVE-induced ICAM-1 or MCP-1 expression, although there is a
notable reduction. Since both vascular endothelial ICAM-1 and MCP-1 expression are
mediated through several different signaling pathways, including proinflammatory cytokines
[e.g. interleukin (IL)-1p] and vasoactive peptides, it is likely there are multiple pathways
involved in the induction of these proatherogenic factors in the cerebral vasculature from our
exposure groups. While this study did not directly quantify the expression of these
proinflammatory cytokines, we have previously shown that MVE exposure significantly
increases cerebral 1L-1p expression (Oppenheim et al., 2013), while others have reported an
association between air pollution exposure and vascular endothelial cell cytokine expression
(Schisler et al., 2015).

It is important to address the limitations of the current study. As previously mentioned, the
use of the ApoE~'~ mouse model, while beneficial for providing baseline atherosclerotic
pathology that is similar in etiology to that observed in humans, still provides limitations in
that: (1) there will be a higher baseline level of BBB disruption, due to the absence of ApoE
protein expression; (2) there are extremely high levels of cholesterol present in these animals
when fed a high fat diet that can contribute to systemic inflammation and/or metabolic
abnormalities; and (3) the endpoints of this study represent only a subchronic exposure
scenario and thus we cannot directly extrapolate these findings to acute (hourly, etc.)
exposure scenarios. Future studies with different chemical components and/or
concentrations of traffic-generated air pollutants, acute vs. chronic end-points, as well as
those using healthy or “wildtype” models, are necessary to further elucidate diet- vs.
exposure- mediated effects of MVE in the neurovascular unit.

Conclusions

In conclusion, the findings of this study provide insight into a novel LOX-1-mediated
signaling pathway involved in traffic-generated pollution-mediated alterations in BBB
integrity, which is associated with increased MMP-9 activity and resulting decreased TJ
protein expression in the cerebral microvasculature of ApoE ™~ mice on a high-fat diet.
These findings suggest that LOX-1 signaling likely mediates some of the detrimental
outcomes associated with air pollution exposure in the neurovascular unit and/or CNS.
Furthermore, we observe MVE-exposure results in increased oxidative stress and lipid
peroxidation in the cerebral micro-vasculature, which is associated with increased signaling/
sequestration of monocytes/macrophage, as shown through increased MCP-1, VCAM-1, and
ICAM-1 expression. Expression of several of these factors was attenuated, though not
completely normalized, with LOX-1 Ab-treatment during MVE exposure. The lack of
normalization observed in these study endpoints, with LOX-1 Ab-treatment, suggests that

Inhal Toxicol. Author manuscript; available in PMC 2019 September 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lucero et al.

Page 13

there are likely other key mechanistic pathways involved in the MVE-mediated responses in
the cerebral microvasculature, for which further mechanistic studies are necessary to
determine. Collectively, findings from this study have identified at least one mechanistic
signaling pathway involved in air pollution-mediated alterations in BBB integrity, namely
the LOX-1 receptor.
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LOX-1 Ab treatment normalized MVE-induced LOX-1 expression in cerebral microvessels
of ApoE~~ mice. Double immunofluorescence of LOX-1 (green fluorescence) and
endothelial-cell specific vonWillebrand factor (vWF) (red fluorescence) in cerebral
microvessels (frontal cortex) from ApoE~/~ mice exposed to either (A-C) FA + IgG; (D-F)
FA + LOX-1 Ab (16 mg/ml, 0.1 ml/mouse, every other day throughout exposure); (G-1) 100
PM pg/m3 of mixed vehicular emission (MVE) + IgG; or (J-L) MVE + LOX-1 Ab for 6
hr/d, 7 d/wk, for 30 d; blue fluorescence = Hoechst nuclear stain. Colocalization was
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determined by quantifying total fluorescence of overlayed signals from minimum of three
slides, two sections each, three regions from each section (/7= 5-7 per group), which is
represented by the graph shown in panel M. Graph presented in panel N shows mRNA
quantification of LOX-1 expression in cerebral microvessels, as quantified by real-time RT-
PCR. Arrows indicate increased expression of endothelial-cell specific LOX-1 expression.
Scale bar =10 pm; 100x magnification. Control slides with no primary anti-body were also
done (not shown) to confirm specific binding. *p < 0.050 compared to FA + 1gG control. Tp
< 0.050 compared to MVE + IgG, as determined by ANOVA.
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Figure 2.
LOX-1 Ab treatment attenuates MVE-exposure induced BBB permeability. Changes in BBB

permeability were assessed using the fluorescent tracer, sodium fluorescein (Na-F). ApoE ™/~
mice were exposed by inhalation to either mixed vehicular engine exhaust (MVE: 100ug
PM/m?3)+ LOX-1 Ab (16mg/ml, 0.1 ml/mouse, every other day throughout 30 d exposure);
MVE + 1gG (16 mg/ ml, 0.1 ml/mouse); filtered air (FA) + LOX-1 Ab; or FA + IgG, and a
subset of mice (/7= 6 per group) were injected i.p. with 100 pul of 2% Na-F-PBS 30min prior
to the end of their final exposure on day 30. Graph shows total fluorescence in the cerebrum,
as measured by fluorometry. Data are expressed as the amount of tracer per gram of tissue.
*p < 0.050 compared to FA + 1gG control; Tp < 0.050 compared to MVE + 1gG, as
determined by ANOVA.
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Gelatinase (MMP-2 and -9) activity and MMP-9 expression are decreased in cerebral
microvessels of LOX-1-treated ApoE ™'~ mice exposed to MVE. MMP-9 (and —2) activity, as
shown by /n situ zymography, in the (frontal cortex) cerebral microvasculature in ApoE ™~
mice exposed (A) FA + IgG; (B) FA + LOX-1 Ab (16 mg/ml, 0.1 ml/mouse, every other day
throughout exposure); (C) 100 PM pg/m?3 of mixed vehicular emission (MVE) + 1gG; or
MVE + LOX-1 Ab for 6 h/d, 7 d/ week, for 30 d. Gelatinase activity, quantified as units of
fluorescence per unit area, is shown in (E) compared to MMP-9 mRNA transcript levels (F).
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Scale bar = 10 um; arrows indicate increased areas of MMP activity (green fluorescence);
blue fluorescence = Hoechst nuclear stain. Background fluorescence (fluorescence present in
total image outside of the vessel) was subtracted from each section before statistical
comparison between groups. /7= 5-7 per group, two slides (two sections each) per sample,
8-12 vessels on each section, throughout the cerebrum, were used for analysis. *p < 0.050
compared to FA + 1gG control; 1p<0.050 compared to MVE + IgG, as determined by
ANOVA.
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Figure 4.
Expression of TJ protein claudin-5 in the cerebral microvasculature of ApoE~~ mice

exposed to mixed vehicular emissions or filtered air. Double immune-fluorescence of
claudin-5 (green fluorescence) and endothelial-cell specific vonWillebrand factor (VWF)
(red fluorescence) in cerebral microvessels (frontal cortex) from ApoE ™~ mice exposed to
either (A-C) FA + 1gG; (D-F) FA + LOX-1 Ab (16 mg/ml, 0.1 ml/mouse, every other day
throughout exposure); (G-1) 100 PM pg/m?3 of mixed vehicular emission (MVE) + IgG; or
(J-L) MVE + LOX-1 Ab for 6 h/d, 7 d/week, for 30 d; blue fluorescence = Hoechst nuclear
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stain. Colocalization was determined by quantifying total fluorescence of overlayed signals
from a minimum of three slides, two sections each, three regions from each section (/7= 5-7
per group), which is represented by the graph shown in panel M. Scale bar =10 um; 100 x
magnification. Control slides with no primary antibody were also done (not shown) to
confirm specific binding. *p < 0.050 compared to FA + IgG control, as determined by
ANOVA.
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Figure 5.

Expression of TJ protein, occludin, in the cerebral microvasculature of ApoE~~ mice
exposed to mixed vehicular emissions or filtered air. Double immunofluorescence of
occludin (green fluorescence) and endothelial-cell specific vonWillebrand factor (vWF) (red
fluorescence) in cerebral microvessels (frontal cortex) from ApoE ™~ mice exposed to either
(A-C) FA + 1gG; (D-F) FA + LOX-1 Ab (16 mg/ml, 0.1 ml/mouse, every other day
throughout exposure); (G-1) 100 PM pg/m?3 of mixed vehicular emission (MVE) + IgG; or
(J-L) MVE + LOX-1 Ab for 6h/d, 7 d/week, for 30 d; blue fluorescence = Hoechst nuclear
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stain. Colocalization was determined by quantifying total fluorescence of overlayed signals
from a minimum of three slides, two sections each, three regions from each section (/7= 5-7
per group), which is represented by the graph shown in panel M. Scale bar =10 um; 100 x
magnification. Control slides with no primary antibody were also done (not shown) to
confirm specific binding. *p < 0.050 compared to FA + IgG control, as determined by
ANOVA.
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LOX-1 Ab-treatment does not mitigate MVE-exposure mediated induction of ROS in the
cerebral microvessels of ApoE~/~ mice. Reactive oxygen species fluorescence staining of the
cerebral microvessels from brains of ApoE ™~ mice exposed to mixed vehicle emissions or
filtered air. Representative dihydroethidium (DHE, red) fluorescence of ApoE~'~ mice
exposed to either (A) FA + IgG; (B) FA + LOX-1 Ab (16 mg/ml, 0.1 ml/mouse, every other
day throughout exposure); (C) 100 PM pg/m?3 of mixed vehicular emission (MVE) + IgG; or
MVE + LOX-1 Ab for 6h/d, 7 d/week, for 30 d. Scale bar =100 um. Arrows indicate areas of
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increased DHE staining. E = graphical quantification of total fluorescence per unit area. 7=
5-7 per group, three slides (six section) per animal, two sites (areas) each, were used for
analysis. *p < 0.050 compared to FA + IgG control.
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Figure 7.

MVE-exposure induces lipid peroxidation in the cerebral microvasculature of ApoE ™~ mice,
which is attenuated with LOX-1 Ab treatment. Double immunofluorescence of 4-
hydroxynonenol (4-HNE), a marker of lipid peroxidation (green fluorescence) and
endothelial-cell specific vonWillebrand factor (vWF) (red fluorescence) in cerebral
microvessels (frontal cortex) from ApoE ™~ mice exposed to either (A-C) FA + 1gG; (D-F)
FA + LOX-1 Ab (16 mg/ml, 0.1 ml/mouse, every other day throughout exposure); (G-1) 100
PM pg/m3 of mixed vehicular emission (MVE) + IgG; or (J-L) MVE + LOX-1 Ab for 6h/d,
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7 d/week, for 30 d; blue fluorescence = Hoechst nuclear stain. Colocalization was
determined by quantifying total fluorescence of overlayed signals from a minimum of three
slides, two sections each, three regions from each section (/7= 5-7 per group), which is
represented by the graph shown in panel M. Arrows indicate increased 4-HNE expression in
the cerebral microvasculature. Scale bar =10 um; 100 x magnification. Control slides with
no primary antibody were also done (not shown) to confirm specific binding. *p < 0.050
compared to FA + 1gG control, Tp < 0.050 compared to MVE + IgG, as determined by
ANOVA.
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Figure 8.
MVE-exposure mediates increased expression of adhesion and cytokine molecules, which is

mediated via LOX-1 receptor signaling. RT-qPCR analysis of in the cerebral microvessels of
(A) intracellular adhesion molecule (ICAM)-1; (B) vascular cell adhesion molecule
(VCAM)-1; and (C) monocyte chemoattractant protein (MCP)-1 in ApoE~'~ mice exposed
to either filtered air (FA)+ IgG; FA + LOX-1 Ab (16 mg/ml, 0.1 ml/mouse, every other day
throughout exposure); 100 PM ug/m3 of mixed vehicular emission (MVE) + IgG; or MVE +
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LOX-1 Ab for 6 h/d, 7 d/week, for 30 d. *p < 0.050 compared to FA control, tp < 0.050
compared to MVE + IgG, as determined by ANOVA.
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Table 1.

Primer sets utilized for real time qPCR.

Gene/primer

Accession #

Sequence (5’-3")

Mouse LOX-1 forward
Mouse LOX-1 reverse
Mouse MCP-1 forward
Mouse MCP-1 reverse
Mouse MMP-9 forward
Mouse MMP-9 reverse
Mouse VCAM-1 forward
Mouse VCAM-1 reverse
Mouse ICAM-1 forward
Mouse ICAM-1 reverse
Mouse GAPDH forward
Mouse GAPDH reverse

NM_138648
NM_138648
NM_011333.3
NM_011333.3
NM_013599.4
NM_013599.4
NM_011693.3
NM_011693.3
NM_010493.3
NM_010493.3
NM_001289726.1
NM_001289726.1

CACAAGACTGGCTCTGGCATA
GCAGGTCTGCCGGl!IIHI
ATTGGGATCATCTTGCTGGT
CCTGCTGTTCACAGTTGCC
TTGGTTTCTGCCCTAGTGAGAGA
AAAGATGAACGGGAACACACAGG
ACTTTCTATTTCACTCACACCAGCC
ATCTTCACAGGCATTTCAAGTCTCT
CCATAAAACTCAAGGGACAAGCC
TACCATTCTGTTCAAAAGCAGCA
CATGGCCTTCCGTGTTCCTA
GCGGCAGTCAGATCCA

LOX-1: lectin-like oxidized low density lipoprotein (LDL) receptor; MCP-1: monocyte chemoattractant protein-1; MMP-9: matrix
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metalloproteinase-9; VCAM-1: vascular cellular adhesion molecule-1; ICAM-1: intracellular adhesion molecule-1; GAPDH: glyceraldehyde-3-
phosphate dehydrogenase (house-keeping gene).
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