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ABSTRACT Here, we report that diesel exhaust par-
ticles (DEPs), a major constituent of urban air pollu-
tion, affect blood-brain barrier function at the tissue,
cellular, and molecular levels. Isolated rat brain capil-
laries exposed to DEPs showed increased expression
and transport activity of the key drug efflux trans-
porter, P-glycoprotein (6 h EC50 was �5 �g/ml). Up-
regulation of P-glycoprotein was abolished by blocking
transcription or protein synthesis. Inhibition of
NADPH oxidase or pretreatment of capillaries with
radical scavengers ameliorated DEP-induced P-glyco-
protein up-regulation, indicating a role for reactive
oxygen species in signaling. DEP exposure also in-
creased brain capillary tumor necrosis factor-�
(TNF-�) levels. DEP-induced P-glycoprotein up-regula-
tion was abolished when TNF-receptor 1 (TNF-R1) was
blocked and was not evident in experiments with cap-
illaries from TNF-R1 knockout mice. Inhibition of JNK,
but not NF-�B, blocked DEP-induced P-glycoprotein
up-regulation, indicating a role for AP-1 in the signaling
pathway. Consistent with this, DEPs increased phos-
phorylation of c-jun. Together, our results show for the
first time that a component of air pollution, DEPs,
alters blood-brain barrier function through oxidative
stress and proinflammatory cytokine production. These
experiments disclose a novel blood-brain barrier signal-
ing pathway, with clear implications for environmental
toxicology, CNS pathology, and the pharmacotherapy
of CNS disorders.—Hartz, A. M. S., Bauer, B., Block,
M. L., Hong, J.-S., Miller, D.-S. Diesel exhaust particles
induce oxidative stress, proinflammatory signaling, and
P-glycoprotein up-regulation at the blood-brain barrier.
FASEB J. 22, 2723–2733 (2008)
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Particulate matter is the particle component of
air pollution that is associated with the deaths of more
than 500,000 people per year (1, 2). A major constitu-

ent of urban air pollution is diesel exhaust, a complex
mixture of gases, chemicals and particles (3–5). Recent
evidence suggests that exposure to air pollution can
increase the risk of fatal stroke, cause cerebrovascular
damage, and induce neuroinflammation and oxidative
stress that may trigger neurodegenerative diseases such
as Alzheimer’s and Parkinson’s diseases (6–10). Ultra-
fine particles such as diesel exhaust particles (DEPs)
are considered the most toxic component of particulate
matter. DEPs consist of a carbon core and heavy
hydrocarbons derived from fuel and lubricant oils and
hydrated sulfuric acid derived from the fuel sulfur. In
addition, DEPs have adsorbed to them polycyclic aro-
matic hydrocarbons (PAHs). About 40 PAHs have been
identified to date, but it is estimated that more than 300
PAHs are adsorbed to DEPs; partial lists of adsorbed
chemicals have been reported (3–5). Thus, DEPs are a
complex, yet very real environmental toxin that billions
of people are exposed to on a daily basis. Once inhaled,
DEPs can enter the circulation and translocate to
tissues throughout the body, including the brain (11).
At present, however, we lack understanding of how
DEPs exert their deleterious effects in the central
nervous system (CNS).

One pathway through which DEPs are predicted to
enter the brain is by crossing the blood-brain barrier
(11), a unique, tightly regulated, and dynamic capillary
endothelium separating the peripheral blood circula-
tion from the CNS. This barrier is composed of highly
specialized brain capillary endothelial cells that are in
close contact with pericytes, astrocytes, and neurons.
Major physiological functions of this so-called neuro-
vascular unit are maintenance of brain homeostasis and
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protection from potentially harmful neurotoxicants
(12). A key component of the barrier is P-glycoprotein,
an ATP-driven efflux transporter that limits brain pen-
etration of xenobiotics, including a large number of
CNS-acting drugs (13, 14). Because of its location, high
expression in the luminal membrane of the brain
capillary endothelial cells, and ability to actively trans-
port a wide spectrum of structurally diverse com-
pounds, P-glycoprotein is considered the primary ob-
stacle to pharmacotherapy of CNS disorders (15–17).
For example, P-glycoprotein prevents successful che-
motherapy of brain tumors, has been implicated in
drug-resistant epilepsy, and has been postulated to
contribute to patient-to-patient variability in response
to CNS drugs (18, 19).

Impairment of the blood-brain barrier in response to
chemical toxins, stroke, or neurodegenerative diseases
is often marked by changes in P-glycoprotein expres-
sion and activity (20, 21). Certainly, understanding
mechanisms and signals that modulate P-glycoprotein
expression and activity at the blood-brain barrier could
result in new therapeutic targets for improved treat-
ment of CNS disorders. In this regard, previous studies
from our laboratory show that blocking P-glycoprotein
function selectively opens the blood-brain barrier to
drugs that are P-glycoprotein substrates (22), whereas
increasing P-glycoprotein expression and functional
transport activity drastically reduces efficacy of CNS
drugs (23). We have also shown that proinflammatory
mediators such as lipopolysaccharide (LPS), tumor
necrosis factor-� (TNF-�) and endothelin-1 (ET-1)
regulate expression and transport activity of P-glyco-
protein (24–26).

Because DEPs can enter the body and reach the
brain, where they cause oxidative stress and inflamma-
tion, we hypothesized that they target the brain capil-
lary endothelium. Here we test this hypothesis by
exposing freshly isolated, functionally intact brain cap-
illaries from rats and mice to DEPs [National Institute
of Standards and Technology (NIST) Standard Refer-
ence Material (SRM) 2975; refs. 27, 28] and measuring
changes in P-glycoprotein expression and transport
activity.

MATERIALS AND METHODS

Chemicals

DEPs were obtained from NIST (Gaithersburg, MD, USA)
(27, 28). Carbon black (CB) mock particles were a kind gift
from Degussa Corporation (Akron, OH, USA). 5-(and-6)-
chloromethyl-2�,7�-dichlorodihydrofluorescein diacetate acetyl
ester (CM-H2DCFDA) was from Molecular Probes (Eugene, OR,
USA). Apocynin, catalase, nuclear factor-�B (NF-�B) SN50,
NF-�B SN50M, SULT1A1–2 antibody, TNF-� antibody, and
IgG control antibody were purchased from Calbiochem-
Novabiochem (La Jolla, CA, USA). H398 and antibodies to
multidrug resistance-associated proteins 1, 2, and 4 (Mrp1,
Mrp2, and Mrp4) and breast cancer resistance protein
(BCRP) were from Alexis-Axxora (San Diego, CA, USA);
SP600125 was from A.G. Scientific (San Diego, CA, USA).

Antibody to gp91PHOX was from BD Transduction Labora-
tories (San Jose, CA, USA). DPI and cyclooxygenase 2
(COX-2) antibody were purchased from Cayman (Ann Arbor,
MI, USA), and C219 antibody was from Signet (Dedham, MA,
USA). Antibodies to glucose transporter 1 (GLUT-1), �-actin,
c-jun, c-jun-P, and gluthathione sulfotransferase � (GST�)
were purchased from Abcam (Cambridge, MA, USA). Na�/
K�-ATPase antibody was from Upstate (Chicago, IL, USA),
TLR4 antibody was from Santa Cruz (Santa Cruz, CA, USA),
and TNF-receptor 1 (TNF-R1) antibody was from U.S. Biolog-
ical (Swampscott, MA, USA). Iba-1 antibody was from Wako
Pure Chemical Industries (Osaka, Japan). Antibodies to ZO-1,
occludin, and claudin-1 and -5 were purchased from Zymed
(Carlsbad, CA, USA). [N-ε (4-nitrobenzofurazan-7-yl)-d-Lys
(8)]-cyclosporine A (NBD-CSA) was custom-synthesized by R.
Wenger (Basel, Switzerland) (29). PSC833 was a kind gift
from Novartis (Basel, Switzerland). All other chemicals were
obtained from Sigma (St. Louis, MO, USA).

Animals

Male TNF-R1-deficient mice (C57BL/6-Tnfrsf1atm1Imx) and
wild-type mice (C57BL/6 background) were a generous gift
from Dr. Perry J. Blackshear (National Institute of Environ-
mental Health Sciences, Research Triangle Park, NC, USA)
(30, 31). Male Sprague-Dawley rats (retired breeders) were
purchased from Taconic Farms (Germantown, NY, USA).
Animal housing protocols were approved by the Institutional
Animal Care and Use Committees of the National Institute of
Environmental Health Sciences (NIEHS)/National Institutes
of Health (NIH) and were in accordance with NIEHS/NIH
guidelines.

Isolation of brain capillaries

Brain capillaries from rats and mice were isolated as de-
scribed previously (23–26, 32). For each preparation, 10 rats
or 15 mice were euthanized by CO2 inhalation and decapi-
tated. Brains were dissected and homogenized in PBS buffer
(2.7 mM KCl, 1.46 mM KH2PO4, 136.9 mM NaCl, and 8.1 mM
Na2HPO4 supplemented with 5 mM d-glucose and 1 mM
sodium pyruvate, pH 7.4). After the addition of Ficoll (final
concentration 15%), the homogenate was centrifuged at 5800
g for 20 min at 4°C. The pellet was resuspended in PBS
containing 1% BSA and passed over a glass bead column.
Capillaries adhering to the glass beads were collected by
gentle agitation in PBS (1% BSA), washed with PBS, and then
used for experiments.

Preparation of DEP working suspension

DEPs (SRM 2975) used were collected by the manufacturer
from a filtering system designed specifically for diesel-pow-
ered forklifts (27, 28). In our laboratory, DEP working
suspensions were prepared according to Block et al. (6).
Briefly, 2 mg of DEPs was suspended in 10 ml PBS buffer,
vortexed for 1 min, and sonicated for 45 min using an
ultrasonic processor (Ultrasonic LC 20 H, Elma Hans
Schmidbauer GmbH & Co KG, Singen, Germany). The
suspension was filtered through a 0.22-�m filter (MillexGS;
Millipore, Billerica, MA, USA) prior to experiments. Freshly
isolated capillaries were exposed to DEPs at the concentra-
tions indicated for 6 h at room temperature without or with
modulators. CB mock particles were prepared accordingly.

P-glycoprotein-mediated transport

Details of the transport assay in functionally intact rat and
mouse brain capillaries were reported previously (23–26, 32).
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After 6 h exposure to DEPs, isolated brain capillaries were
incubated for 1 h at room temperature with 2 �M NBD-CSA,
a fluorescent P-glycoprotein substrate. For each treatment,
images of 10 capillaries were acquired by confocal microscopy
(Zeiss 410 Meta laser scanning confocal microscope, 	40
oil-immersion objective, numerical aperture 1.2, 488-nm line
of argon laser; Carl Zeiss Inc., Thornwood, NY, USA). Images
were analyzed by measuring luminal NBD-CSA fluorescence
intensity using Scion Image software (Scion Corp., Frederick,
MD, USA) as described previously (25, 26, 33). P-glycoprotein-
specific, luminal NBD-CSA fluorescence was taken as the differ-
ence between total luminal fluorescence and fluorescence in
the presence of the P-glycoprotein inhibitor, PSC833 (24).

Western blot analysis

Protein expression levels were analyzed by Western blot
analysis as described before (23, 24, 26). In brief, isolated
brain capillaries were homogenized and samples were centri-
fuged at 10,000 g for 15 min; denucleated supernatants were
then centrifuged at 100,000 g for 90 min. Pellets (crude
plasma membranes) were resuspended, and protein concen-
trations were determined. Western blotting was performed
using the Invitrogen NuPage Bis-Tris electrophoresis and
blotting system (Invitrogen, Carlsbad, CA, USA). After block-
ing, blotting membranes were incubated with primary anti-
body. Membranes were washed and incubated with horserad-
ish peroxidase-conjugated ImmunoPure secondary IgG (1:
15,000; Pierce, Rockford, IL, USA) for 1 h. Proteins were
detected using SuperSignal West Pico Chemoluminescent
Substrate (Pierce). Bands were visualized and recorded using
a Bio-Rad Gel Doc 2000 gel documentation system (Bio-Rad,
Hercules, CA, USA).

Reactive oxygen species (ROS) measurement

Generation of ROS in isolated rat brain capillaries was
measured using CM-H2DCFDA (Molecular Probes). The non-
fluorescent ester CM-H2DCFDA penetrates into cells and
undergoes deacetylation to nonfluorescent 5-(and-6)-chlo-
romethyl-2�,7�-dichlorodihydrofluorescein (CM-H2DCF) by
cellular esterases. ROS rapidly oxidizes CM-H2DCF to highly
fluorescent 5-(and-6)-chloromethyl-2�,7�-DCF (CM-DCF).
Thus, CM-DCF fluorescence is a measure of ROS levels.

Isolated brain capillaries were exposed to DEPs for 30 min.
CM-H2DCFDA was added at a final concentration of 10 �M
and incubated for 30–45 min at room temperature. Capillar-
ies were washed with PBS, and after a short recovery time (5
min), CM-DCF fluorescence was read at 485 nm in a micro-
plate reader (Tecan GENios Pro; Tecan, Research Triangle
Park, NC, USA).

TNF-� ELISA

TNF-� levels in isolated rat brain capillaries were measured
using an ELISA kit from R&D Systems (Minneapolis, MN,
USA). Isolated brain capillaries were homogenized in lysis
buffer (Sigma) containing Complete® protease inhibitor
(Roche, Mannheim, Germany). Capillary homogenate was
centrifuged at 10,000 g for 15 min and the protein concen-
tration of the denucleated supernatant was determined.
ELISA assays were conducted according to the manufactur-
er’s protocol.

Statistical analysis

Data are presented as mean 
 se. One- or two-tailed unpaired
Student’s t test was used to evaluate differences between

control and treated groups; values of P � 0.05 were consid-
ered statistically significant.

RESULTS

DEP exposure up-regulates P-glycoprotein in
brain capillaries

As before, we assessed P-glycoprotein activity in isolated
brain capillaries by measuring accumulation of the
fluorescent P-glycoprotein-specific substrate NBD-CSA
in capillary lumens, using confocal microscopy and
quantitative image analysis (25, 26). For this assay,
capillaries were incubated to steady state in medium
containing 2 �M NBD-CSA. We previously demon-
strated that NBD-CSA accumulation in brain capillary
lumens is concentrative, specific, and sensitive to inhib-
itors of cellular metabolism and P-glycoprotein,
whereas inhibitors of other efflux transporters, e.g.,
Mrps and BCRP, are without effect (25, 32). Thus, this
assay provides a specific measure of P-glycoprotein
transport activity in isolated brain capillaries. Figure 1A
shows a control capillary with high luminal NBD-CSA
fluorescence (left panel) compared to the incubation
medium, indicating concentrative transport into the
capillary lumen. Exposing capillaries to the P-glycopro-
tein-specific inhibitor, PSC833, substantially decreased
luminal NBD-CSA fluorescence (Fig. 1A, right panel).
Simple diffusion and unspecific binding of NBD-CSA to
tissue account for luminal fluorescence remaining after
inhibition with PSC833 (25, 26, 33).

Six-hour exposure of freshly isolated rat brain capil-
laries to DEPs (5–200 �g/ml) increased specific P-
glycoprotein transport activity in a concentration-de-
pendent manner; the EC50 was estimated to be �5
�g/ml (Fig. 1B). Consistent with increased activity, we
found a concentration-dependent increase of P-glyco-
protein expression in plasma membranes isolated from
brain capillaries that were treated with DEPs (Fig. 1C).
Note that �-actin protein levels were the same in
membranes from control and DEP-treated capillaries
(loading control). In separate experiments, we exposed
brain capillaries to CB mock particles and examined
P-glycoprotein expression and transport function but
found no effect (Fig. 1D). Thus, up-regulation of
P-glycoprotein seems to be associated with DEPs rather
than particulate matter in general.

To determine the chain of events that connect DEP
exposure to up-regulation of P-glycoprotein, we ex-
posed brain capillaries to DEPs for 6 h in the absence
and presence of specific inhibitors of cell signaling and
measured both specific P-glycoprotein transport activity
(PSC833-sensitive, luminal NBD-CSA accumulation)
and protein expression of P-glycoprotein (Western
blots). As before, preliminary experiments showed that
by themselves the pharmacological tools we used to
dissect signaling pathways had no effect on transport
activity or transporter expression (data not shown).
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Figure 1E, F shows that inhibiting transcription with
actinomycin D or inhibiting translation with cyclohex-
imide blocked the effect of DEPs on P-glycoprotein
activity and expression. Thus, both P-glycoprotein tran-
scription and protein synthesis were stimulated by
DEPs.

DEPs signal through NADPH oxidase and ROS

Oxidative stress is an early and potentially important
event in tissues exposed to diesel exhaust (34). Block et
al. (6) previously demonstrated that DEPs activate

NADPH oxidase to generate ROS in microglia. We
assayed expression of gp91PHOX, the major subunit of
NADPH oxidase, in isolated brain capillaries and cap-
illary membranes and found increased expression after
exposure to DEPs (Fig. 2A, B). ROS levels, measured as
CM-DCF fluorescence, increased in brain capillaries
exposed to DEPs for 30 min (Fig. 2C). This increase was
abolished by the NADPH oxidase inhibitor DPI, indi-
cating that increased ROS levels were generated by
activation of NADPH oxidase (Fig. 2D). Moreover,
blocking NADPH oxidase with DPI or with apocynin
prevented the DEP-induced increase in P-glycoprotein
expression and activity (Fig. 2E, F). We used superoxide

Figure 1. DEPs increase P-glycoprotein expression and transport activity in isolated rat brain capillaries. A) Left panel:
representative image of an isolated brain capillary after 1 h of exposure to 2 �M NBD-CSA, showing steady-state NBD-CSA
fluorescence. Note that NBD-CSA transport is concentrative from bath (no visible fluorescence) to endothelium (low
fluorescence) to capillary lumen (high fluorescence). Right panel: the P-glycoprotein-specific inhibitor PSC833 blocks
concentrative NBD-CSA transport from capillary endothelium to capillary lumen. B) DEPs increase specific luminal NBD-CSA
fluorescence after 6 h in a concentration-dependent manner. C) Western blot analysis showing concentration-dependent
P-glycoprotein up-regulation through DEPs in brain capillary plasma membranes. �-Actin was used as loading control. D) CB
mock particles had no effect on P-glycoprotein expression or transport activity after 6 h. P-glycoprotein transport activity is
shown as specific luminal NBD-CSA fluorescence. E) Inhibition of transcription with actinomycin D abolishes DEP-induced
increase in P-glycoprotein expression (Western blot) and transport activity (specific luminal NBD-CSA fluorescence).
F) Inhibition of protein synthesis with cycloheximide also abolishes DEP up-regulation of P-glycoprotein. For Specific luminal
NBD-CSA fluorescence values are means 
 se for 10 capillaries from a single preparation (pooled tissue from 10 rats); arbitrary
units (au; scale 0–255). ***P � 0.001 vs. control.
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dismutase (SOD) and catalase to scavenge superoxide
radicals. When added to the medium, both enzymes
abolished DEP effects on P-glycoprotein activity and
expression (Fig. 3A, B). Consistent with this, the cell-
permeant antioxidant, N-acetyl-L-cysteine (NAC), was
equally effective (Fig. 3C). These results indicate that
NADPH oxidase activation and ROS production are
essential for the DEP-induced increase in P-glycopro-
tein in isolated brain capillaries.

Because the main source of ROS within the brain is
microglia, we assayed the expression of Iba-1, a specific
microglial protein marker, in isolated microglia (posi-
tive control), whole rat brain lysate, and brain capillary
lysate. We detected Iba-1 protein in microglia and total
brain, but not in brain capillaries (Fig. 3D). Thus, our
isolated brain capillary preparation was free of detect-
able microglial contamination. This confirms that the
primary source of ROS generated in response to DEPs
was the brain capillaries themselves.

DEPs signal through TNF-�

DEPs trigger release of proinflammatory cytokines like
TNF-� from a number of cells (35, 36). We previously
showed that TNF-� acting through TNF-R1 regulates
P-glycoprotein activity and expression in brain capillar-
ies (24). TNF-� is produced in a proform (TNF-�
precursor), which is released from cells and cleaved by
TNF-� converting enzyme (TACE) to the active cyto-
kine. Figure 4A shows that inhibiting TACE with tissue
inhibitor of metalloproteinase 3 (TIMP3) abolished
DEP-induced increases of P-glycoprotein expression
and activity. Exposing capillaries to an antibody against
TNF-� also blocked P-glycoprotein up-regulation, while
a control IgG had no effect (Fig. 4B). These results
indicate DEP-induced release of TNF-� from the capil-
laries. Consistent with this, Fig. 4C shows a Western blot
analysis for TNF-� in capillaries exposed to DEPs. Two
bands were found in DEP-treated capillaries, one for

Figure 2. NADPH oxidase and ROS are involved in DEP up-regulation of P-glycoprotein. A) Western blot showing expression
of NADPH oxidase subunit gp91PHOX in microglia and brain capillary membranes. B) Exposing brain capillaries to DEPs for
6 h increased gp91PHOX expression in membranes. C) DEP exposure of brain capillaries for 30 min increased CM-DCF
fluorescence, indicating increased ROS levels. ROS was measured using CM-H2DCFDA; values are means 
 se (au; n�3) for
capillaries from a single preparation (pooled tissue from 10 rats). D) NADPH oxidase inhibition with DPI abolished the
DEP-induced increase of ROS (measured as CM-DCF fluorescence) in isolated brain capillaries. Data are percentages of control
levels. E) Inhibition of NADPH oxidase with DPI blocked DEP up-regulation of P-glycoprotein expression (Western blot) and
transport activity (specific luminal NBD-CSA fluorescence). F) Inhibition of NADPH oxidase with apocynin also blocked the
DEP effect on P-glycoprotein. Specific luminal NBD-CSA fluorescence values are means 
 se for 10 capillaries from a single
preparation (pooled tissue from 10 rats); scale 0–255 au. ***P � 0.001.
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the TNF-� precursor (26 kDa) and one for mature
TNF-� (17 kDa); neither protein was detected in con-
trol capillaries.

TNF-R1 with H398 abolished the DEP effect on
P-glycoprotein expression and transport function (Fig.
4D), indicating that released TNF-� signaled through
TNF-R1. To confirm this, we compared the response to
DEPs of brain capillaries isolated from mice lacking
TNF-R1 with those from wild-type mice. In brain capil-
laries from wild-type mice, DEPs increased P-glycopro-
tein expression and function; this effect was abolished
by blocking TNF-R1 with H398 (Fig. 4E). In contrast,
DEPs did not affect P-glycoprotein expression or trans-
port function in capillaries isolated from TNF-R1
knockout mice (Fig. 4F; note that different band inten-
sities between controls in the Western blots of wild-type
and TNF-R1 knockout mice result from different expo-
sure times of the blotting membrane). Together, these
results indicate that DEPs triggered release of TNF-�,
which signaled through TNF-R1 to up-regulate P-glyco-
protein.

To determine which DEP-initiated signal, TNF-�
release or NADPH oxidase activation (ROS produc-
tion), occurred first, we blocked NADPH oxidase using
DPI and measured TNF-� expression in DEP-treated
capillaries. Both Western blots and ELISA for TNF-�
showed increased TNF-� levels in DEP-treated capillar-
ies (Fig. 4G, H). This increase was abolished by DPI,
indicating that DEPs activated NADPH oxidase, which
then caused TNF-� release from brain capillaries.

DEP signaling involves nitric oxide synthase (NOS)
and c-jun

Our previous studies showed that capillaries release
ET-1 on exposure to TNF-�, leading to activation of
NOS, protein kinase C (PKC), and the transcription
factor NF-�B, and thus upregulates P-glycoprotein ex-
pression (24). In the present study, we found no
evidence of ET-1 or PKC involvement. Blocking ETA
and ETB receptors using RES-701–1 and JKC-301, re-
spectively, or inhibiting of PKC with BIM, did not alter
DEP-mediated up-regulation of P-glycoprotein (data
not shown). However, our data do indicate that NOS
played a role in DEP signaling. Exposure to DEPs
increased protein levels of inducible NOS (iNOS) in
capillaries, but not brain NOS (bNOS) (Fig. 5A).
Inhibition of NOS with L-NMMA abolished the DEP
effect, indicating that at least one NOS isoform played
a role in the induction of P-glycoprotein (Fig. 5B).

TNF-� acting at TNF-R1 can activate multiple signal
transduction pathways (37, 38). The major pathway
leads to activation of the transcription factor NF-�B,
which translocates to the nucleus on activation and
regulates transcription of target genes such as P-glyco-
protein (39, 40). We previously demonstrated that
TNF-�-induced activation of NF-�B increased expres-
sion and transport function of P-glycoprotein in iso-
lated rat brain capillaries (24). As described above, this
pathway also involved signaling through ET-1, NOS,
and PKC, components that were not involved in DEP

Figure 3. ROS scavengers prevent P-glycoprotein up-regulation. A) The ROS
scavenger SOD abolishes DEP up-regulation of P-glycoprotein expression
(Western blot) and transport activity (specific luminal NBD-CSA fluores-
cence). B) Catalase, another ROS scavenger, also abolishes the effect of DEPs
on P-glycoprotein. C) The antioxidant N-acetyl-l-cysteine (NAC) blocks DEP
up-regulation of P-glycoprotein. D) Western blot showing expression of the
microglia marker Iba-1. Iba-1 is expressed in microglia (positive control) and
total brain, but not in brain capillaries. Specific luminal NBD-CSA fluores-
cence values are means 
 se for 10 capillaries from a single preparation
(pooled tissue from 10 rats); scale 0–255 au. ***P � 0.001.
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signaling. Nevertheless, we looked for activation of
NF-�B in DEP-treated capillaries and found none. That
is, both, blocking NF-�B activation or nuclear translo-
cation were without effect (Fig. 5C, D).

Another TNF-R1 signaling pathway involves activa-
tion of the stress-activated protein kinase, c-Jun N-
terminal kinase (JNK) (41). In response to stimuli, JNK
phosphorylates and thus activates c-jun, a key compo-
nent of the transcription factor AP-1 (activator protein-
1). We found that inhibition of JNK with SP600125
blocked the increase of P-glycoprotein expression and
function in capillaries exposed to DEPs (Fig. 5E).
Furthermore, in capillaries exposed to DEPs for 6 h, we
detected a slight decrease of c-jun protein levels and a
large increase of phosphorylated c-jun (Fig. 5F). These
data suggest that in DEP-exposed brain capillaries JNK
phosphorylates c-jun to activate the downstream tran-

scription factor, AP-1, and to up-regulate P-glycopro-
tein.

DEPs alter expression of other blood-brain
barrier proteins

In addition to P-glycoprotein, DEPs altered levels of
several important proteins expressed in brain capillar-
ies (Fig. 6). Using Western blot analysis, we found
increased expression of Mrp1, Mrp2, Mrp4, BCRP, and
GLUT-1. Expression of the metabolizing enzyme GST�
was also increased, whereas expression of the proin-
flammatory enzyme COX-2 was decreased. DEPs did
not alter expression of TNF-R1, TLR4, Na�/K�-ATPase
and SULT1A1/2. Levels of the tight junction proteins,
ZO-1, occludin, claudin-1, and claudin-5, as well as
�-actin, were unchanged. Thus, in the brain capillary

Figure 4. DEP activation of NADPH oxidase is followed by
TNF-� release and TNF-� signaling through TNF-R1 to
up-regulate P-glycoprotein. A) TIMP-3, an inhibitor of
TNF-� converting enzyme, blocks the DEP-mediated in-

crease in P-glycoprotein expression (Western blot) and transport function (specific luminal NBD-CSA fluorescence).
B) An antibody against TNF-� blocks the effect of DEPs on P-glycoprotein; an IgG control antibody has no effect. C) DEPs
induce TNF-� in brain capillaries (26 kDa: TNF-� precursor protein, 17 kDa: TNF-� mature protein). D) Blocking TNF-R1
with H398 abolishes DEP up-regulation of P-glycoprotein. E) In isolated capillaries of wild-type mice, DEPs increase
P-glycoprotein expression (Western blot) and transport activity (specific luminal NBD-CSA fluorescence). The specific
TNF-R1 blocker, H398, blocks the DEP effect. F) In capillaries isolated from TNF-R1-deficient mice, DEPs had no effect
on P-glycoprotein expression levels or transport activity. Note that different band intensities between controls in the
Western blots of wild-type and TNF-R1 knockout mice result from different exposure times of the blotting membrane.
G) Western blot showing that the NADPH oxidase inhibitor DPI blocks DEP up-regulation of P-glycoprotein. H) ELISA
showing that blocking NADPH oxidase with DPI brings TNF-� levels back to control levels. Specific luminal NBD-CSA
fluorescence values are means 
 se for 10 capillaries from a single preparation (pooled tissue from 10 rats or 15 mice);
scale 0–255 au. ***P � 0.001.
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endothelium, DEPs affected multiple proteins, includ-
ing several ATP-driven transporters, and therefore it
could have a profound impact on blood-brain barrier
function.

DISCUSSION

Diesel exhaust, the main particulate component of
polluted air in the urban environment, is a worldwide
health concern, affecting a large number of people and
dramatically increasing susceptibility to cardiovascular,
respiratory, and CNS disease (1, 42). Autopsy samples
from individuals living in air-polluted environments
show deposition of DEPs within the brain, indicating

that these particles can cross barrier tissues, including
the blood-brain barrier (10, 43). Recent studies show
that DEPs are capable of inducing an oxidative and
inflammatory response in microglia, the primary im-
mune responsive cells of the brain (6). Given the
important role inflammation plays in a number of CNS
diseases, exposure to DEPs has the potential to cause
substantial CNS pathology. The results of the present
study demonstrate that exposing brain capillaries from
rats and mice to DEPs increased, in parallel, protein
expression and functional activity of the drug efflux
transporter P-glycoprotein, a key element of the blood-
brain barrier. Transporter up-regulation could be
blocked by inhibitors of transcription and translation
and was signaled through a novel pathway that involved

Figure 5. DEP up-regulation of P-glycoprotein involves NO synthase, JNK, and c-jun. A) Western blot showing that DEPs increase
expression of iNOS, but not of bNOS. B) Inhibition of NOS with L-NMMA abolishes the DEP-mediated induction of
P-glycoprotein expression and transport activity. C) An NF-�B activation inhibitor has no effect on DEP up-regulation of
P-glycoprotein. D) SN50, an inhibitor of NF-�B nuclear translocation, and SN50M, the corresponding inactive control peptide,
also have no effect on DEP up-regulation of P-glycoprotein. E) Inhibition of JNK with SP600125 blocks the DEP-mediated
increase of P-glycoprotein expression (Western blot) and transport activity (specific luminal NBD-CSA fluorescence). F)
Western blot showing that DEPs increase phosphorylated c-jun (c-jun-P) in capillaries exposed to DEPs for 6 h; c-jun expression
was slightly decreased. Specific luminal NBD-CSA fluorescence values are means 
 se for 10 capillaries from a single preparation
(pooled tissue from 10 rats); scale 0–255 au. ***P � 0.001.
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elements of the endothelial cell responses to both
oxidative stress (NADPH oxidase activation and super-
oxide production, Fig. 2) and inflammation (release of
the proinflammatory cytokine TNF-�, Fig. 4). Impor-
tantly, our findings indicate that all of these events
occurred on or within the endothelial cells themselves.
This is supported by the fact that we could not find any
evidence for contaminating microglia in our brain
capillary preparations. Finally, DEP exposure also in-
creased expression of several other luminal plasma
membrane efflux transporters, including Mrp1, Mrp2,
Mrp4, and BCRP. It is not yet clear whether a common
signaling pathway is responsible for the up-regulation
of all these ABC transporters.

Four aspects of the present study require further
discussion. First, DEPs themselves are a complex com-
ponent of air pollution. They contain a core of elemen-
tal carbon with adsorbed heavy hydrocarbons derived
from fuel and lubricant oils and hydrated sulfuric acid
derived from the fuel sulfur. DEPs also contain a large
number of PAHs. The Certificate of Analysis for the
DEPs we have used (NIST SRM 2975; refs. 27, 28) lists
39 selected PAHs adsorbed to the particles. However, it
is anticipated that DEPs have more than 300 com-
pounds adsorbed to them (3–5). Our data in Fig. 1D
show that CB mock particles did not up-regulate P-
glycoprotein, suggesting that chemicals adsorbed to the
DEPs rather than the particles themselves are respon-
sible for this effect. Given that more than 300 com-
pounds are reported to be adsorbed to DEPs, it is
impossible at this time to identify those responsible for
up-regulation of P-glycoprotein in our brain capillaries.

Second, Fig. 7 shows the postulated chain of events in

brain capillaries that connects DEP exposure to in-
creased P-glycoprotein expression as well as a parallel
signaling pathway initiated by the proinflammatory
cytokine TNF-�, which was mapped in a previous study
(24). Note that signaling through TNF-R1 is common
to both. When signaling is initiated by TNF-� in the
absence of ROS, downstream events include ET-1 re-
lease and binding to the ETA/B receptors, activation of
NOS and PKC, and translocation of NF-�B to the
nucleus where it increases P-glycoprotein expression
and activity (Fig. 7B) (24). However, it is clear from the
present results that when signaling through TNF-�/
TNF-R1 was initiated by DEPs, neither ET-1, PKC, or
NF-�B was involved in downstream events that led to
P-glycoprotein up-regulation (Fig. 7A). Rather, when
DEPs activated NADPH oxidase to produce ROS, stim-
ulate TNF-� release, and activate TNF-R1, the increase
in P-glycoprotein expression was signaled through JNK
kinase, c-jun and likely AP-1. NOS was activated by DEP
exposure, but from the present results, it is not clear
where in the pathway NO acts. Together, these studies
have disclosed an interesting aspect of TNF-R1 signal-
ing to P-glycoprotein in brain capillary endothelial
cells: context-dependent determination of downstream
signaling events. Apparently, in the context of NADPH
oxidase activation and ROS generation, TNF-R1 acti-
vates one transcription factor (AP-1) and in the absence
of ROS, it activates another (NF-�B). Such complex,

Figure 7. Comparison of DEP signaling (present study) and
TNF-� signaling (24, 26).

Figure 6. Effect of DEPs on the expression of selected
proteins in isolated rat brain capillaries.
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context-dependent, switchlike behavior has been seen
for other receptors (37, 44).

Third, multiple ATP-driven efflux transporters are
expressed at the luminal plasma membrane of brain
capillary endothelial cells, where they can both prevent
xenobiotics from entering the CNS and remove poten-
tially toxic metabolites from the brain (15, 45). The
present study shows up-regulation of protein expres-
sion of all efflux transporters assayed in DEP-exposed
brain capillaries. These increases were not accompa-
nied by changes in expression of tight junction pro-
teins. For P-glycoprotein, a critical determinant of
blood-brain barrier function, we found a parallel in-
crease in transport activity. Given the important role
that P-glycoprotein plays in blood-brain barrier func-
tion, an increase in transport activity would be expected
to tighten the barrier to the large number of therapeu-
tic drugs that are P-glycoprotein substrates and thus
reduce efficacy of many CNS-acting drugs in the clinic.
Indeed, our recent study with the P-glycoprotein sub-
strate, methadone, shows in an animal model that
doubling P-glycoprotein expression at the blood-brain
barrier reduces methadone’s analgesic effects by �70%
(23). Certainly, the magnitude of this effect would vary
with substrate and the extent of transporter up-regula-
tion. The importance of other efflux transporters to
blood-brain barrier function is not as well defined.
However, it is likely that the substantial increases in
their expression levels in DEP-exposed brain capillaries
would tighten the barrier further.

Finally, the present study shows for the first time that
blood-brain barrier function can be altered by DEPs, an
environmental pollutant that acts directly on the capil-
lary endothelium. This is of importance, as diesel
exhaust is a ubiquitous component of polluted air
worldwide, and DEPs have been shown to enter the
brain (10, 43). Thus, DEP-stimulated brain capillaries
could serve as an additional source of oxidative stress
and inflammatory mediators for the brain parenchyma,
contributing to CNS pathology and possibly disease.
Altered brain capillary function could contribute to
DEP-exacerbated cerebrovascular disease, in particular,
and to our ability to treat CNS disease with drugs in
general.
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