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ABSTRACT

Exposure to traffic-generated pollution is associated with alterations in blood-brain barrier (BBB) integrity and exacerbation
of cerebrovascular disorders. Angiotensin (Ang) II signaling through the Ang II type 1 (AT1) receptor is known to promote
BBB disruption. We have previously reported that exposure to a mixture of gasoline and diesel vehicle engine emissions
(MVE) mediates alterations in cerebral microvasculature of C57Bl/6 mice, which is exacerbated through consumption of a
high-fat (HF) diet. Thus, we investigated the hypothesis that inhalation exposure to MVE results in altered central nervous
system microvascular integrity mediated by Ang II-AT1 signaling. Three-month-old male C57Bl/6 mice were placed on an
HF or low-fat diet and exposed via inhalation to either filtered air (FA) or MVE (100 lg/m3 PM) 6 h/d for 30 days. Exposure to
HFþMVE resulted in a significant increase in plasma Ang II and expression of AT1 in the cerebral microvasculature. Results
from a BBB coculture study showed that transendothelial electrical resistance was decreased, associated with reduced
expression of claudin-5 and occludin when treated with plasma from MVEþHF animals. These effects were attenuated
through pretreatment with the AT1 antagonist, Losartan. Our BBB coculture showed increased levels of astrocyte AT1 and
decreased expression of aryl hydrocarbon receptor and glutathione peroxidase-1, associated with increased interleukin-6
and transforming growth factor-b in the astrocyte media, when treated with plasma from MVE-exposed groups. Our results
indicate that inhalation exposure to traffic-generated pollutants results in altered BBB integrity, mediated through Ang II-
AT1 signaling and inflammation, which is exacerbated by an HF diet.
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It is well documented in the literature that signaling of the
renin-angiotensin system (RAS) is involved in the pathogenesis
of many cardiovascular disease (CVD)-states (Ferrario, 2006), in-
cluding hypertension and stroke (Volpe et al., 2006). In the vas-
culature, Angiotensin (Ang) II is known to signal via ligand
interactions with the angiotensin receptors, Ang II receptor type
1 (AT1) and/or Ang II receptor type 2 (AT2) (Morawietz et al., 1999;

Nickenig and Harrison, 2002). The AT1 receptor is reported to be
the major Ang II receptor subtype present in the cardiovascular
system, abnormal signaling through which is associated with
the pathogenesis of CVD (Ferrario, 2006). In addition, several
studies have shown that cross-talk exists between the AT1 re-
ceptor and the main receptor for oxidized low-density lipopro-
tein (oxLDL) in the vascular endothelium, the lectin-like oxLDL
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receptor (LOX-1); additionally, both of these receptors are
reported to be increased in CVDs, including atherosclerosis and
stroke (Ferrario, 2006; Pirillo et al., 2013). Although the mecha-
nisms involved have not been fully elucidated, one pathway
may be through disruption of the blood-brain barrier (BBB). We
have previously reported that both oxLDL and LOX-1 are signifi-
cantly elevated in the cerebral vasculature of Apolipoprotein E
null (ApoE�/�) mice exposed to mixed exhaust; however, very
little research has been done studying the effects of air pollu-
tion in the brains of healthy wild-type mice and/or whether dif-
ferences in diet (high fat vs low fat) exacerbate these pathways.
Although the role of Ang II signaling can vary in different vascu-
lar disease-states, increased Ang II-AT1 signaling is associated
with the production of pro-inflammatory mediators, such as in-
terleukin (IL)-6 and transformation growth factor (TGF)-b, adhe-
sion molecules, and reactive oxygen species in the vasculature
(Ruiz-Ortega et al., 2001; Skultetyova et al., 2007).

The BBB is a unique structure which is responsible for regu-
lating transport between the blood and the central nervous sys-
tem (CNS). This specialized barrier contains endothelial cells
(ECs) that are sealed by tight junction (TJ) proteins including
claudins, occludin, and junction adhesion molecules, in addi-
tion to astrocytes and pericytes (Hawkins and Davis, 2005;
Pelkonen, 2010). Astrocytes are known to contribute to the in-
tegrity of cerebral microvessels, in addition to playing a neuro-
protective role (Abbott, 2002). Antioxidant activity is reported to
be increased in astrocytes, compared with ECs, in the brain mi-
crovasculature (Schroeter et al., 1999). Several antioxidants are
found in astrocytes including superoxide dismutase, glutathi-
one, and heat shock protein (Barreto et al., 2012; Dringen, 2000;
Sandhu et al., 2009). In addition, signaling through the aryl hy-
drocarbon receptor (AhR) is also associated with antioxidant
mechanisms in the cell (Dietrich, 2016).

In brain microvascular ECs, it has previously been shown
that increased Ang II-AT1 signaling results in a decreased trans-
endothelial electrical resistance (TEER) measurement, which is
a measurement correlated with (intact) barrier integrity
(Fleegal-DeMotta et al., 2009). Conversely, Ang II-AT1 signaling
on astrocytes has been reported to decrease BBB permeability to
infiltrating leukocytes, suggesting an increase in BBB integrity,
after unilateral stereotactic lesion promotion (Wosik et al.,
2007). Interestingly, Ang II-AT2 signaling has been reported to
have a protective effect on the brain after stroke, as well as me-
diate neural differentiation in a mouse model (Mogi and
Horiuchi, 2013).

Several studies have reported that exposure of traffic-
generated air pollution is associated with increased occurrence
of both ischemic and hemorrhagic stroke (Johnson et al., 2010;
Villeneuve et al., 2006), and also altered BBB integrity and per-
meability (Oppenheim et al., 2013). In addition, chronic traffic-
generated pollutant exposure has recently been reported to in-
creased occurrence of hypertension (Fuks et al., 2017). Recent
studies also report a strong correlation between air pollution-
exposure and increased neuroinflammation and neurodegener-
ation, which are hallmark pathologies observed in Alzheimer’s
and Parkinson’s diseases (Block and Calderon, 2009). Although
the correlations of exposure to traffic-generated air pollutant
and pathophysiological outcomes in the cerebral microvascula-
ture and CNS have been well documented, contributing mecha-
nistic signaling pathways are still under investigation. Our
laboratory has previously reported that subchronic inhalation
exposure to MVE results in increased BBB permeability and de-
creased TJ claudin-5 expression, associated with matrix metal-
loproteinase (MMP)-9 activity, in the cerebral microvasculature

of C57Bl/6 wild-type mice on high-fat (HF) diet (Lucero et al.,
2017; Suwannasual et al., 2018). Although Ang II-AT1 signaling is
known to mediate BBB disruption (Fleegal-DeMotta et al., 2009),
the effects of inhaled traffic-generated air pollution exposure
on Ang II-AT1 signaling in the cerebral microvasculature has
not yet been fully characterized. Thus, using both in vivo expo-
sures (C57Bl/6 wild-type mice) and in vitro (BBB cocultures) mod-
els, we investigated the hypothesis that inhalation exposure to
MVE results in altered BBB integrity, associated with Ang II-AT1

signaling. Furthermore, we characterized whether concurrent
consumption of an HF diet exacerbated exposure-mediated out-
comes in the cerebral microvasculature, as well as astrocytes in
the BBB coculture experiments.

MATERIALS AND METHODS

Animals and inhalation exposure protocol. Three-month-old male
C57Bl/6 mice were fed either a normal mouse chow or an HF
diet (TD88137 Custom Research Diet, Harlan Teklad, Madison,
Wisconsin; 21.2% fat content by weight, 42% kcal from fat, 1.5 g/
kg cholesterol content) beginning 30 days prior to initiation
of the exposure studies. Mice were then randomly grouped to be
exposed by whole-body inhalation to a mixture of whole gaso-
line engine exhaust and diesel engine exhaust (MVE: 30 mg PM/
m3 gasoline engine emissions þ 70 mg PM/m3 diesel engine, n ¼
16) or filtered air (FA) (controls, n ¼ 16) for 6 h/d for 30 days, as
previously described in Suwannasual et al. (2018). MVE was cre-
ated by combining exhaust from a 1996 GM gasoline engine and
a Yanmar diesel generator system and characterized for chemi-
cal and PM components, as previously reported (Lund et al.,
2011; McDonald et al., 2004; Oppenheim et al., 2013). Mice were
housed in standard shoebox cages within an AAALAC
International-approved rodent housing facility (2 m3 exposure
chambers) for the entirety of the study, which maintained con-
stant temperature (20�C–24�C) and humidity (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 Respiratory Research Institute’s Animal Care and Use
Committee and conform to the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Tissue collection. Animals were sacrificed within 14–16 h after the
final exposure. Mice were anesthetized with Euthasol (0.1 ml
per 30 g mouse) and euthanized by exsanguination, brains care-
fully dissected, meninges gently removed, and were either (1)
embedded in OCT (VWR Scientific) (n ¼ 4–6 per group; midbrain
region) and frozen on dry ice or (2) immediately snap frozen in
liquid nitrogen (n ¼ 8 per group). Blood was immediately centri-
fuged for 10 min at 3000 � g at 4�C, plasma was aliquoted, snap
frozen in liquid nitrogen, and stored at �80�C until analysis.

ELISA for plasma Ang II and cell culture media endpoints.
Angiotensin II was measured in the plasma from study animals
using an ELISA kit (Enzo Ang II ELISA kit, No. ADI-900-204), fol-
lowing manufacturer’s protocol. Sample values were derived
from a standard curve (generated from serial dilution of known
standards) and results expressed as pg/ml. n ¼ 8 samples per
group were used for analysis.

Media from astrocyte cultures of BBB cocultures treated with
plasma were used to measure for cytokines and angiotensin-
converting enzyme (ACE) by ELISA (n ¼ 6). Interleukin-6 (IL-6,
Novex, No. KMC0061), transforming growth factor-b (TGF-b)
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(Invitrogen, No. BMS608-4), and ACE (ThermoFisher, No. EMACE)
concentrations were quantified in the astrocyte media using
the appropriate ELISA immunoassay kit, following manufac-
turer protocols.

Mouse BBB coculture. C57Bl/6 mouse primary brain microvascular
ECs (Cell Biologics, C57-6023) were passaged in complete Mouse
Endothelial Cell Medium and grown to confluence in a gelatin-
coated (Cell Biologics, 6950) 75T flask and C57Bl/6 mouse astro-
cytes (ScienCell, M1800-57) were grown in complete Astrocyte
media (ScienCell, 1831) in a poly-L-Lysine-coated (ScienCell,
0413) 75T flask. Both cells were maintained in at 37�C and 5%
CO2 humidified atmosphere. They were subcultured every 5–6
days and used for experiments up to passage 4. For the BBB
coculture, the astrocytes were seeded at 5 � 103 cell/cm2 into
24- or 6-well plates coated with poly-L-Lysine for 1 or 2 days be-
fore the ECs were seeded into the transwell insert at 2 � 104 cell/
cm2 (Corning, collagen Types I insert 0.45 Micron) and incubated
for 6 days (Supplementary Figure 1). Only passages 2–4 of both
primary astrocytes and ECs were utilized for experiments pre-
sented herein.

Cell viability test. To test the cell viability of plasma on the ECs in
the BBB cocultures, a MTT colorimetric assay was used (Hansen
et al., 1989). Endothelial cells were seeded into 96-well plate and
maintained until 70%–80% confluency. Then plasma (1:20 dilu-
tion) collected from the C57Bl/6 mice on the exposure study
(LFþFA, LFþMVE, HFþFA, HFþMVE) was placed in the EC media
and incubated for 24 h (n ¼ 3 per diet/exposure group).
Tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (final concentration of 0.5 mg/ml) was
then added to the cells and incubated in at 37�C and 5% CO2 hu-
midified atmosphere for 4 h. The purple formazan dye was dis-
solved in 100% DMSO, and 200 ml was placed on the cultured
cells to analyze cell viability. The purple solution OD was mea-
sured using a Cytation 5 (BioTek, Winooski, Vermont) at an ab-
sorbance of 595 nm. The results were shown as the percent of
proliferation compared with control (cells with no plasma
treatment).

BBB permeability assay in coculture model. Baseline TEER measure-
ments were recorded once both endothelial and astrocyte cul-
tures were 95%–100% confluent. Transendothelial electrical
resistance measurements were determined using an
EVOM2 Voltammeter (WPI) and EndOhm chamber, across the
apical and basal compartments, as previously described;
(Supplementary Figure 2). The TEER value was calculated as the
measured values minus measurements of coated (cell-free) cul-
ture inserts. The difference was multiplied with the area of the
culture insert, resulting in a TEER value given as a mean in X �
cm2. After TEER measurements reached 200–300 X � cm2 (indi-
cating structural integrity in the BBB coculture), plasma (1:20 di-
lution) from mice exposed to either MVE or FA (6 HF diet) (n ¼
6–8 per group) was added to the media of the apical compart-
ment (ECs). Transendothelial electrical resistance measure-
ments were assessed at 24 or 48 h post-treatment.

Angiotensin II-AT1 receptor in BBB coculture barrier integrity. In a
subset of experiments using the BBB coculture, AT1 receptors
were blocked by pretreating the ECs with AT1-antagonist
Losartan (10�6 mol/l) diluted in media (n ¼ 3 per group) for 30
min prior to treatment with plasma from each of the animal ex-
posure groups (LFþFA, LFþMVE, HFþMVE) into the media of the

apical EC compartment. Cells were analyzed for TEER and TJ
protein expression 48 h after plasma was added to the media.

Immunofluorescent staining of cerebral tissue. Brain sections (10 mm)
were prepared for AT1 receptor (Abcam, Cambridge,
Massachusetts; No. ab18801, 1:1000 dilution) and von Willebrand
factor (vWF, Abcam No. 11713, 1:1000 dilution) double immuno-
fluorescence, using anti-goat Alexa Fluor 647 and Anti-sheep
Alexa Fluor 488 secondary antibodies, imaged, and analyzed, as
previously described by our laboratory (Oppenheim et al., 2013).
Colocalization was determined by quantifying total fluorescence
of overlaid signals from a minimum of 3 slides, 2 sections each, 5
regions/section (n ¼ 4 per group).

Fluorescent immunocytochemistry. Plasma from mice exposed to
either MVE or FA (6 HF diet) (n ¼ 3 per group) was incubated to
the media of the apical compartment (ECs) for 24 h Fluorescent
immunocytochemistry analysis of TJ proteins (claudin-5 or
occludin) in ECs from BBB cocultures occurred via fixation of
cells in ice-cold 100% MeOH for 15 min at �20�C, cells were then
rinsed 3 times in 300 ll cool PBS for 5 min and then blocked in
3% BSA/Tween buffer for 60 min. The cells were incubated with
conjugated antibodies (claudin-5 conjugated to Alexa Flour 488
[1:1000]; Invitrogen No. 352588, or occludin conjugated to Alexa
Flour 555 [1:500], Invitrogen, No. 331598) overnight at 4�C. The
nuclei were counter-stained with DAPI (1:1000) at room temper-
ature for 1 min (Gillespie et al., 2016). Cells were then imaged on
the Cytation 5 BioTek using the appropriate excitation/emission
filters (GFP; 469/525, RFP; 531/593) digitally recorded, and ana-
lyzed by image densitometry using Cell Profiler (n ¼ 3–5).
Images were morphed using open-line operations with pixel-
width measurements, masked with an overlay to ensure posi-
tive TJ detection by the software, and included a threshold to
discard fluorescence outside of line-object mapping. Image in-
tensity measurements analyzed areas where line objects were
applied. Images were given values on total fluorescent intensity
over total area of the image, provided a mean average of fluo-
rescent intensity per unit area. All images were processed in an
identical fashion, to ensure fidelity and the analysis was per-
formed by a blinded individual, to prevent bias when building
the CellProfiler module pipeline.

Quantitative reverse transcription polymerase chain reaction. Gene
expression of AhR, Glutathione peroxidase-1 (GPx), AT1, and
AT2 in astrocytes were analyzed using the appropriate forward
and reverse primers (Table 1), via real-time RT-qPCR, as previ-
ously described in Lund et al. (2011). RNA was isolated using an
AllPrep DNA/RNA/miRNA kit (Qiagen, Germantown, Maryland)
for tissue or using a Tissue Lyser system and RNeasy Mini kit
(Qiagen) for cells, following the manufacturer protocol.
Quantitative reverse transcription polymerase chain reaction
was completed and analyzed in the BIORAD CX (Hercules,
California) using the appropriate primers, as previously de-
scribed by our laboratory (Oppenheim et al., 2013).
Glyceraldehyde-3-phosphate dehydrogenase was used as the
internal control. Results were analyzed from n ¼ 6 animals from
each group.

Statistical analysis. Data are shown as mean 6 SEM. A 2-way
ANOVA with post hoc Tukey’s test was used to analyze statis-
tical significance between diet/exposure permutations. An in-
dependent t test was used for statistical analysis when
comparing between 2 groups. Statistical analyses were
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conducted using Sigma Plot 12.0 (Systat, San Jose, California).
A p < .050 was considered statistically significant for all
endpoints.

RESULTS

C57Bl/6 Mice Exposed to MVE Exhibit Elevated Plasma Ang II and
AT1 Receptor Expression in the Cerebral Microvasculature
As Ang II-AT1 signaling has previously been reported to mediate
alterations in BBB integrity (Fleegal-DeMotta et al., 2009), we
quantified plasma Ang II and AT1 receptor expression in the ce-
rebral microvascular in our study animals. We observed a sig-
nificant increase in plasma Ang II levels in both LFþMVE and
HFþMVE exposure groups, compared with LFþFA and HFþFA
controls (Figure 1, p < .001). In addition, there was an exacer-
bated effect on plasma Ang II levels in MVE-exposed animals,
when they were concurrently fed an HF diet, compared with
MVEþLF (p ¼ .010). The F values for plasma Ang II levels are: ex-
posure ¼ 41.519, diet ¼ 22.303, exposure x diet interaction ¼
6.157. Correlated with plasma Ang II levels, compared with
LFþFA controls (Figs. 2A–C), we observed a significant increase
in cerebral microvascular AT1 receptor expression in the
LFþMVE (Figs. 2D–F; p ¼ .045), and HFþMVE (Figs. 2J–L; p ¼ .004)
exposure groups, F ¼ 9.247 for exposure. AT1 receptor expres-
sion in the HFþMVE group was also statistically increased com-
pared with the HFþFA group (Figs. 2G–I; p ¼ .030) but there was
no significant differences noted between LFþMVE versus HF þ
MVE. There was no significant change in either plasma Ang II
(Figure 1) or cerebral microvascular AT1 levels in the HFþFA
group (Figs. 2G–I) compared with the LFþFA (Figs. 2A–C). The F
values for cerebral microvascular AT1 expression are: exposure
¼ 9.247, diet ¼ 2.517, and diet x exposure interaction ¼ 0.0162.

Plasma From MVE-Exposed C57Bl/6 Mice Alter BBB Coculture TJ
Protein Expression and Endothelial Barrier Integrity
To elucidate the effects of MVE 6 fat content in diet on altera-
tions in integrity of the BBB, we utilized a BBB coculture model
consisting of ECs (apical compartment) cocultured with astro-
cytes (basal compartment). Plasma from each of the animals in
the exposure study was applied to the EC media, as previously
described in Oppenheim et al. (2013). To confirm that applica-
tion of the plasma (alone) to our BBB coculture did not alter cell
viability (eg toxicity), we analyzed changes in cell viability of the
ECs, via an MTT assay, prior to experimentation. The MTT
assays showed no change in cell viability with plasma
treatment-only on the ECs (Supplementary Tables 1 and 2). To
analyze alterations in structural integrity of EC layer in the BBB

coculture, we assessed expression of TJ proteins claudin-5 and
occludin via immunofluorescence staining. Compared with ex-
posure of ECs in coculture to plasma from LFþFA mice
(Figure 3A), mice exposed to HFþMVE (Figure 3D), showed a sig-
nificant reduction in expression of TJ proteins claudin-5
(Figure 3E; p ¼ .002; F ¼ 22.291 for exposure, F ¼ 2.551 for diet, F
¼ 0.641 for diet x exposure interaction) and occludin (Figure 3F;
p ¼ .048; F ¼ 5.420 for exposure, F ¼ 2.258 for diet, F ¼ 0.116 for
diet x exposure interaction). We also observed a decrease in
claudin-5 expression in ECs treated with plasma from LFþMVE
(Figure 3B) compared with LFþFA (Figure 3E; p ¼ .024), and also
between HFþFA (Figure 3C) and HF þMVE groups (Figure 3E. p ¼
.005).

The resistance across the monolayer of ECs was assessed by
TEER measurement, which provides a measure of membrane
integrity. When the apical EC layer was treated with plasma
from animals exposed to MVEþHF, we observed a significant
decrease in TEER values (approximately 30%) at 24 h post expo-
sure, compared with TEER measurement in ECs treated with
plasma from LFþFA animals (Figure 3G; p ¼ .027), LF þ MVE
(Figure 3G, p ¼ .042), and also HFþFA (Figure 3G; p ¼ .005). The F
value for exposure ¼ 7.310, the F value for diet ¼ 0.371, whereas
the F value for diet x exposure interaction ¼ 7.869. Interestingly,
we saw no significant change in TEER values resulting from
treatment of EC layers in BBB cocultures with plasma from ei-
ther the LFþMVE or HFþFA groups, compared with LFþFA con-
trols (Figure 3G).

AT1 Mediated by MVE Exposure Induced Decreasing BBB Integrity
and Claudin-5 Expression
To determine whether AT1 signaling mediates the observed
alterations in TJ protein expression and TEER measurements in
the BBB cocultures treated with plasma from HFþMVE animals,
we utilized the AT1 receptor antagonist, Losartan. For this ex-
periment, TEER values and TJ protein levels were assessed at 48
h post-plasma treatment (vs post 24 h plasma treatment for the
previous experiment) because we wanted to determine whether
a longer exposure of the BBB coculture to the plasma from our
study animals had a time-dependent effect. Pretreatment of the
BBB coculture EC (apical) cells with Losartan prior to applying
plasma from study animals resulted in an attenuation of the ob-
served MVE-mediated reduction in EC expression of the TJ pro-
tein, claudin-5, as noted by no change in expression of claudin-
5 across the LFþFA, LFþMVE, nor HFþMVE plasma-treated
groups (Figs. 4A–D), compared with the MVE-mediated reduc-
tion in claudin-5 observed in Figures 3A–E. Interestingly, when

Table 1. Primer Sequences Used for Real-time RT-qPCR

GPx FP: 50-AAGCAACCCAGCCTTTTCTC
RP: 50-TGAGCATTCTCCTTTGGAC

AhR FP: 50-CGGCTTCTTGCAAAACACAGT
RP: 50-GTAAATGCTCTCGTCCTTCTTCATC

AT1 FP: 50-ACTGGATGATGCTGTCTGGC
RP: 50-GAGACACGTGAGCAGGAACA

AT2 FP: 50-GGTCTGCTGGGATTGCCTTAATG
RP: 50ACTTGGTCACGGGTAATTCTGTTC

GAPDH FP: 50-CATGGCTTCCGTGTTCCTA
RP: 50-GCGGCATCAGATCCA

Abbreviations: AhR, aryl hydrocarbon receptor; AT1, angiotensin II type 1 recep-

tor; AT2, angiotensin II type 2 receptor; GAPDH, glyceraldehyde-3-phosphate de-

hydrogenase; GPx, glutathione peroxidase.

Figure 1. Plasma angiotensin II levels in C57Bl/6 mice exposed for 6 h/d for 30

days to either filtered air (FA), mixed engine emissions (MVE; 100 lg/m3 PM) and

fed either a low-fat (LF) or high-fat (HF) diet. *p < .05 compared with LFþFA. †p <

.05 compared with HFþFA. ‡p < .05 compared with LFþMVE.
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Figure 2. Double immunofluorescence of angiotensin II type 1 receptor (AT1, A, D, G, J) and vWF (B, E, H, K) in the cerebral microvasculature of C57Bl/6 mice exposed to

filtered air (FA) on a low-fat diet (A–C); mixed vehicle emissions (MVE; 100 lg/m3 PM of mixed gasoline and diesel engine emissions) for 6 h/d, for 30 days on a LF diet

(D–F); FAþHF diet (G–I) or MVE þ HF diet (J–L). n ¼ 3–4 per exposure group; 4 sections each, 3–5 vessels per section. Right panels (C, F, I, L) are merged figures of panels

for AT1 and vWF. Blue fluorescence is Hoechst stained nuclei. Scale bar ¼ 100 lm. Results represent mean 6 SEM. *p < .05 compared with LFþFA. †p < .05 compared

with HFþFA.

Figure 3. Representative images of tight junction (TJ) proteins, claudin-5 (green) and occludin (red), fluorescence on endothelial cells (ECs) treated with plasma from

mice exposed to (A) filtered air (FA) on a low-fat (LF) diet, (B) exposed to mixed vehicle exhaust (MVE: 100 mg/m3 PM) for 6 h/d, for 30 days on a LF diet, (C) FA þ high-fat

(HF) diet, or (D) MVEþ HF diet. The cells were fixed and stained for TJ proteins at 24 h post-plasma treatment. Fluorescence was quantified and represented as mean 6

SEM (E, F) from n ¼ 3. Blue fluorescence ¼ Hoechst stained nuclei. Scale bar ¼ 100 mm. Trans endothelial electrical resistance measurements in BBB coculture treated

with a 1:20 dilution of mouse plasma on the EC (apical) layer from C57Bl/6 mice (G). Transendothelial electrical resistance values were measured 24 h post-plasma

treatment. *p < .05 compared with LFþFA. †p < .05 compared with HFþFA. ‡p < .05 compared with LFþMVE.
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normalized to LFþFA control EC layer integrity (TEER) measure-
ments, we observed a significant reduction in TEER measure-
ments in BBB cocultures treated with plasma from both
LFþMVE and HFþMVE groups (Figure 4E; bars indicated as with-
out Losartan), which was not observed at the 24 h post-
treatment time point (Figure 3E). Such findings suggest there is
likely a time-dependent effect from the plasma-treatment on
EC layer integrity in the MVEþLF group. Thus, we chose the 48
h time point to use for our AT1 inhibitor (Losartan) studies to
see if we could normalize altered TEER across both groups.
Losartan pretreatment of the ECs resulted in an increase in nor-
malized integrity (TEER) measurements in LFþMVE and
HFþMVE treated cocultures (Figure 4E, bars indicated with
Losartan), 42% (p ¼ .0014) and 54% (p ¼ .0058) respectively, com-
pared with that measured in the same animals/samples with-
out Losartan (Figure 4E, bars indicated without Losartan).
Importantly, we did not analyze changes in TEER with Losartan
treatment in the HFþFA animals because the previous experi-
ments showed no significant change in TEER compared with
LFþFA groups (Figure 3G).

MVE-Exposure-Mediated Alterations in Expression of Ang II
Receptors and ACE Production From Astrocytes in BBB Co-culture
Model
To investigate whether alterations in EC barrier integrity in BBB
cocultures treated with plasma from MVE-exposed animals
resulted in changes in signaling in astrocyte (basal) cells, we an-
alyzed astrocyte mRNA expression of Ang II receptors AT1 and
AT2 and ACE, in addition to secreted ACE levels in the astrocyte

media. Plasma-treatment of the apical EC layer from both
LFþMVE (Figure 5A p ¼ .001) and HFþMVE groups (Figure 5A, p ¼
.010) resulted in increased AT1 receptor mRNA expression in
astrocytes in the basal compartment when compared with
LFþFA and also a significant reduction in AT1 expression in
HFþMVE group compared with LFþMVE (Figure 5A, p ¼ .022).
The F values for astrocyte AT1 mRNA expression are: exposure
¼ 8.194, diet ¼ 1.550, and diet x exposure interaction ¼ 5.622.
However, no change in astrocyte AT2 expression was observed
across any of the exposure/diet groups (Figure 5B). Astrocyte
ACE mRNA was significantly increased in the LFþMVE and
HFþFA groups, compared with the LFþFA group (Figure 5C). In
addition, the production of ACE from in the BBB cocultures was
significantly elevated in the astrocyte media of the LFþMVE
(Figure 5D, p ¼ .016) and HFþMVE-plasma-treated groups
(Figure 5D, p ¼ .040) compared with LFþFA controls. The F val-
ues for astrocyte media ACE quantification are: exposure ¼
5.019, diet ¼ 1.301, and diet x exposure interaction ¼ 2.475.

Inflammatory Markers Were Increased and Antioxidant
Pathways Decreased in BBB Cocultures Treated With Plasma From
MVE-Exposed Animals
To investigate whether alterations in EC barrier integrity in BBB
cocultures treated with plasma from MVE-exposed animals
resulted in increased expression of mediators of inflammation
in astrocytes, we examined IL-6 and TGF-b levels in the astro-
cyte media. When the apical ECs were treated with plasma from
HFþMVE animals, we observed a significant increase in IL-6 lev-
els in the astrocyte media, compared with LFþFA controls

Figure 4. Representative images of claudin-5 fluorescence of endothelial cells (ECs) pretreated with 1 lM Losartan (AT1 receptor antagonist) for 1 h and then treated for

48 h with a 1:40 dilution of mouse plasma from C57Bl/6 mice exposed to either (A) filter air (FA) on a low-fat (LF) diet, or animals exposed to mixed vehicle exhaust

(MVE: 100 lg/m3 PM) for 6 h/d for 30 days on either a (B) LF or (C) high-fat (HF) diet. Data represented as mean 6 SEM from n ¼ 3–5, blue fluorescence ¼ Hoechst stained

nuclei. Scale bar ¼ 100 mm. E, Transendothelial electrical resistance (TEER) measurements in BBB coculture pre-incubated with 1 lM Losartan for 1 h and then treated

with a 1:40 dilution of mouse plasma on the EC (apical) layer from C57Bl/6 mice exposed in each group. Transendothelial electrical resistance values were measured 48

h post-plasma treatment. Data are represented as the mean of % change in TEER normalized to mean LFþFA TEER measurements 6 SEM from n ¼ 3–5. *p < .05 com-

pared with without treated by Losartan.
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(Figure 6A, p < .001), compared with LFþMVE (Figure 6A, p <

.001), and compared with HFþFA (Figure 6A, p < .001). The re-
spective F values are: exposure ¼ 25.805, diet ¼ 6.474, diet x ex-
posure interaction ¼ 9.130. Similarly, TGF-b levels were also
observed to be statistically elevated in the astrocyte media from
BBB cocultures treated with plasma from both LFþMVE
(Figure 6B, p ¼ .016) and HFþMVE (Figure 6B, p ¼ .040), compared
with LFþFA controls. The respective F values are: exposure ¼
5.014, diet ¼ 1.305, diet x exposure interaction ¼ 2.484.

To characterize the role of decreased BBB integrity on protec-
tive properties of astrocytes at the BBB, we analyzed the result-
ing effects of plasma treatment from the MVE and FA groups on
astrocyte AhR and GPx gene expression. We found that astro-
cyte expression of AhR mRNA in coculture exposed with mouse
plasma of HFþMVE was suppressed significantly, compared
with the HFþFA group (Figure 6C, p ¼ .012) and compared with
LFþMVE (Figure 6C, p ¼ .023). The respective F values are: expo-
sure ¼ 2.368, diet ¼ 1.302, diet x exposure interaction ¼ 5.541.
When compared with LFþFA groups, expression of AhR mRNA
in coculture exposed with mouse plasma of HFþMVE was de-
creased significantly (approximately 48%) (Figure 6C, p ¼ .002 by
t test). In a similar manner, GPx mRNA expression was de-
creased in HFþMVE group by 31% (Figure 6D, p ¼ .057 by t test),
compared with the LFþFA group.

DISCUSSION

In 2012, the World Health Organization published a report that
estimated approximately 7 million people died as a result of air

pollution exposure in that year. Multiple epidemiologic studies
have shown a positive correlation between exposure to air pol-
lution, progression of CVD, and onset of clinical events includ-
ing stroke (Alimohammadi et al., 2016; Chi et al., 2016; Du et al.,
2016). In addition, the consequences of traffic-generated air pol-
lution in the CNS are associated with neuroinflammation,
microglial activation, and alteration of BBB integrity and perme-
ability (Block and Calderon, 2009; Levesque et al., 2011, 2013).

The BBB is a specialized barrier that regulates transport into
and out of the CNS. The consequences of BBB dysfunction are
associated with many CNS and neurovascular disorders includ-
ing multiple sclerosis, Alzheimer’s, and stroke (Daneman and
Prat, 2015). We have previously reported that inhalation expo-
sure to traffic-generated emissions results in alterations in BBB
integrity and permeability, associated with increased inflam-
mation in the CNS in mouse models (Lucero et al., 2017;
Oppenheim et al., 2013; Suwannasual et al., 2018); however, the
underlying mechanisms have not yet been fully elucidated.
Although oxLDL-LOX-1 signaling appears to mediate some of
the detrimental effects of inhaled MVE-exposure in both Apo
E�/� and C57Bl/6 mice, concurrent treatment with a LOX-1 Ab
did not fully attenuate altered permeability, transport, or struc-
tural integrity in the cerebral microvasculature (Lucero et al.,
2017; Suwannasual et al., 2018). At least a few studies have
shown that cross-talk exists between oxLDL and Ang II ligand
binding and signaling through the LOX-1 and AT1 receptors in
vascular cells (Li et al., 1999, 2000; Morawietz et al., 1999, 2009);
oxLDL has also been reported to upregulate AT1 (Yamamoto
et al., 2015). Furthermore, both AT1 and LOX-1 have been shown

Figure 5. Normalized gene expression of (A) angiotensin II receptor type 1, (B) angiotensin II receptor type 2, and (C) angiotensin converting enzyme (ACE) mRNA, as de-

termined by real-time qPCR, in BBB coculture astrocytes treated with mouse plasma (1:20 dilution in media) on the endothelial (apical) layer from C57Bl/6 mice exposed

to either filtered air (FA) or mixed vehicle exhaust (MVE: 100 lg/m3 PM) for 6 h/d for 30 days on either a low-fat (LF) or high-fat (HF) diet. D, Secreted ACE levels were

also assessed in the media of the same astrocyte cultures by ELISA. Data represented as mean 6 SEM from n ¼ 6. *p < .05 compared with LFþFA. †p < .05 compared

with HFþFA. ‡p < .05 compared with LFþMVE.
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to signal through similar ligand-induced intracellular signaling
pathways, including NADPH oxidase-derived superoxide (Chen
et al., 2007), which has been confirmed through studies that
show oxLDL-mediated induction of oxidative stress is attenu-
ated via AT1 blockade (Yamamoto et al., 2015). We have previ-
ously reported plasma oxLDL is significantly increased in
HFþMVE C57Bl/6 mice (Suwannasual et al., 2018); thus, we in-
vestigated the role of Ang II-AT1 signaling in alterations of BBB
microvascular integrity using both an in vivo exposure and
in vitro BBB coculture model. Importantly, the tissue used from
the in vivo inhalation study in C57Bl/6 mice for this study are
the same tissues that we previously reported to have increased
cerebral microvascular permeability, associated with decreased
TJ protein expression, resulting from MVE-exposure
(Suwannasual et al., 2018).

In this study, we observed that MVE-exposure mediated in-
creased circulating plasma Ang II levels, regardless of the fat
content in the diet, but was statistically increased in the
HFþMVE compared with the LFþMVE, suggesting the interac-
tion of diet and exposure mediated the exacerbated outcomes.
In addition, there is a statistical increase in AT1 receptor expres-
sion in the cerebral microvasculature of these same mice. Such
results, coupled with our previously reported results of altered
BBB permeability and integrity in these same animals, suggests
that Ang II is associated with BBB disruption, likely through an
Ang II-AT1 signaling mechanism; however, this has not yet
been confirmed in in vivo exposure studies. Using our in vitro
BBB coculture system, which comprised a murine primary brain
EC (apical) layer grown on a transwell membrane placed in a
well with primary murine astrocytes (basal layer), we assessed

the potential role of “circulating factors” in the plasma, such as
Ang II, in mediating alterations in BBB integrity. When plasma
from HFþMVE-exposed animals, which have significantly in-
creased Ang II levels, were placed on the EC (apical) layer of the
coculture, we observed a significant decrease in TEER measure-
ments, compared with LFþFA, LFþMVE, and HFþFA groups. In
addition, we measured a concurrent decrease in EC TJ proteins,
claudin-5 and occludin, indicating altered barrier integrity in
the HFþMVE group, compared with LFþFA (and HFþFA in the
claudin-5) group. Such findings are in agreement with previous
reports that show Ang II-induced AT1 expression in brain micro-
vessel ECs (MECs) is associated with decreased TEER and in-
creased permeability (Fleegal-DeMotta et al., 2009). Interestingly,
we did not observe any significant alteration in BBB permeabil-
ity or TJ protein expression in the LFþMVE group from our previ-
ously reported in vivo studies (Suwannasual et al., 2018);
however, we did observe an increase in plasma Ang II, cerebral
microvascular AT1 expression in the brains from these same
animals. In addition, we only observed changes in TEER meas-
urements and TJ protein expression in ECs treated with plasma
from the LFþMVE mice at the 48 h post-plasma treatment time
point (vs no change at the 24 h time point), even though plasma
Ang II levels were elevated above control. Such findings suggest
there may likely be a time-dependent signaling effects of Ang II-
AT1 signaling. Alternatively, it could also be a dose-related sig-
naling event, via the AT1 receptor, as circulating Ang II levels
were only 1.5-fold higher in the LFþMVE than LFþFA controls,
compared with 2.5-fold higher in the HFþMVE group. Previous
in vivo studies have reported an association between Ang II and
decreased cerebral microvascular integrity, as C57Bl/6 mice

Figure 6. Quantification of secreted (A) interleukin-6 (IL-6) and (B) transforming growth factor-beta (TGF-b) levels, as assessed by ELISA in astrocyte media from BBB

coculture astrocytes treated with mouse plasma (1:20 dilution in media) on the endothelial (apical) layer from C57Bl/6 mice exposed to either filtered air (FA) or mixed

vehicle exhaust (MVE: 100 lg/m3 PM) for 6 h/d for 30 days on either a low-fat (LF) or high-fat (HF) diet. Normalized gene expression of astrocyte (C) aryl hydrocarbon re-

ceptor and (D) glutathione peroxidase mRNA, as determined by real-time qPCR, from the same conditions listed above for panels A and B. Data represented as mean 6

SEM from n ¼ 6. *p < .05 compared with LFþFA. †p < .05 compared with HFþFA. ‡p < .05 compared with LFþMVE.
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injected with Ang II are reported to develop an intracerebral
hemorrhage during acute hypertension through activation of
MMPs and oxidative stress (Wakisaka et al., 2010).

To investigate the role of Ang II-AT1 signaling mediating
alterations in EC integrity in our in vitro model, we utilized the
AT1 antagonist Losartan. We found that pretreatment of the EC
cells with Losartan, prior to adding plasma from the MVE-
exposed animals, attenuated alterations in TEER and TJ protein
expression (occludin and claudin-5) in our BBB coculture. Taken
together, these results suggest that exposure to MVE promotes
altered BBB integrity and TJ protein expression through activa-
tion of AT1. Future studies will investigate the time course of
Ang II signaling in the brain that may account for differences
seen in our MVE exposures/diet groups at 24 versus 48 h post-
plasma treatment.

In addition to ECs and pericytes, astrocytes also assist with
maintaining the integrity of brain microvessels in mammals
(Abbott, 2002; Gotow and Hashimoto, 1984). In addition, in-
creased TGF-b expression is also associated with increased BBB
permeability in animal models, by mediating increased MMP-9
enzyme activity, which promotes degradation of TJ proteins in
cerebral microvascular ECs (McMillin et al., 2015). Such findings
have been confirmed through IL-6 inhibitor studies which were
reported to prevent BBB disruption after brain ischemia in the
ovine fetus (Zhang et al., 2015). Increased TNF-a expression/sig-
naling has also been shown to mediate BBB disruption and in-
creased permeability, via NF-jb pathway, in primary cultured
bovine brain MECs (Trickler et al., 2005). Our results show that
when plasma from our study animals is applied to ECs in BBB
coculture, there is an alteration in expression of inflammatory
and/or protective factors in the astrocytes, or astrocyte media in
the basal compartment. For example, treatment of ECs with
plasma from MVE-exposed animals resulted in increased ex-
pression in the astrocyte media of TGF-b from BBB coculture, re-
gardless of the diet consumed; however IL-6 was only
significantly increased in the astrocyte media of the HFþMVE
group, compared with all other exposure/diet groups. Although
our experiments cannot distinguish whether the increased in-
flammatory factors in the media were secreted from the ECs,
astrocytes, or both cell types, such findings indicate that
exposure-mediated alteration in BBB integrity may promote the
expression of inflammatory factors in the brain. It has previ-
ously been reported that increased IL-6 secretion is associated
with reduced TEER in rat cerebral ECs (de Vries et al., 1996). We
have previously reported that MVE-exposure results in in-
creased MMP-9 activity in the cerebral microvascular of C57Bl/6
mice (Suwannasual et al., 2018); thus, taken together with this
study findings suggests TGF-b secreted from astrocytes may
contribute to MMP-9 activity in ECs and subsequent altered TJ
protein expression.

Astrocytes are the major source angiotensinogen production
in the brain (Stornetta et al., 1988) and they can also produce
ACE (Alvarez et al., 2013). The angiotensinogen precursor is con-
verted to Ang I by renin, then ACE converts Ang I to Ang II
(O’Connor and Clark, 2018), which mediate responses in the
CNS via ligand interactions with either AT1 or AT2. Our results
show that AT1 expression was upregulated with MVE-exposure,
both in vivo in the cerebral microvasculature (AT1 expression)
and in the astrocytes (AT1 mRNA) of our BBB coculture. A previ-
ous study reported that increased Ang II directly mediates the
upregulation of AT1 expression in astrocytes (Füchtbauer et al.,
2011). This suggests that Ang II is elevated in the CNS either
from crossing the disrupted BBB from the blood or via increased
Ang II production directly in the CNS, which is in line with the

increased ACE we observed in the astrocyte media of BBB cocul-
tures treated with plasma (on the apical EC layer) from MVE-
exposed mice. Importantly, astrogliosis and cell death are
reported to be associated with activation of astrocytic AT1-me-
diated oxidative stress (Liu et al., 2011), which may contribute to
the CNS pathologies associated with traffic-generated air pollu-
tion exposure in our exposure model.

The AhR is known as a ligand-dependent transcription fac-
tor that regulates expression of several molecules, including
CYP1A1 and 1B1, which are involved in biotransformation of
xenobiotics and pharmaceuticals (Chang and Puga, 1998;
Quintana and Sherr, 2013; Stockinger et al., 2014). The deletion
of AhR is associated with increased production of pro-
inflammatory mediators; AhR activation is associated with de-
creased expression of pro-inflammatory molecules such as
iNOS, TNFa, and IL-1b (Wheeler et al., 2017). We observed that
expression of AhR mRNA was suppressed in astrocytes of BBB
cocultures treated with plasma from HFþ MVE animals, com-
pared with the LFþMVE and HFþFA groups. In a similar man-
ner, GPx mRNA expression was also decreased in astrocytes
from BBB cocultures treated with HFþMVE plasma samples.
GPx is an antioxidant enzyme, which is known to reduce lipid
and hydrogen peroxidases (Arthur, 2001). Thus, we observed a
decrease antioxidant signaling molecules in the astrocytes
from BBB cocultures treated with plasma from HFþMVE ani-
mals, as well as an increase in expression of pro-inflammatory
mediators and components of the RAS system, which collec-
tively are associated with alterations in BBB integrity in our
coculture model. Further mechanistic studies are necessary to
determine whether astrocytes are contributing to MVE-medi-
ated alterations in BBB integrity and/or permeability in vivo.

CONCLUSION

These results suggest that inhalation exposure of C57Bl/6
wild-type mice to the ubiquitous environmental air pollutant,
MVE, results in increased plasma Ang II and expression of ce-
rebral microvascular AT1 that is associated with decreased TJ
protein expression, which is exacerbated by concurrent con-
sumption of an HF diet. AT1 inhibition in our in vitro BBB cocul-
ture model suggests that Ang II-AT1 signaling may mediate
the observed alterations in membrane integrity, as measured
by TEER, and TJ protein expression, in brain microvascular
ECs. Furthermore, exposure of MVE also mediates increased
expression of pro-inflammatory markers in BBB coculture, as-
sociated with suppressed expression of antioxidant pathways.
Collectively, these findings suggest the traffic-generated pol-
lutant exposure induces RAS signaling in the cerebral micro-
vasculature, which may contribute to BBB disruption via AT1

signaling, in addition to inflammatory signaling in the CNS.
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