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bstract

Inhalation of ultrafine particulate matter (PM) in air pollution increases cardiovascular mortality by passing into systemic circu-
ation and possibly affecting endothelial cell (EC) function. This study identified the chemical constituents, including polycyclic
romatic hydrocarbons (PAHs), in diesel exhaust particulate extracts (DEPEs) prepared from a truck run at different speeds and
ngine loads. The short-term effects of DEPEs alone or in combination with estradiol (E2) on MAPK (ERK1/2), AKT, and eNOS
ctivation and nitric oxide (NO) production in human umbilical vein EC (HUVEC) were evaluated. Notably, DEPE from a truck run
nder increasing loads (L) stimulated phosphorylation of MAPK, AKT, and eNOS whereas DEPE from the truck run at increasing
peeds (S) did not affect MAPK alone, but inhibited E2-induced MAPK and eNOS phosphorylation. Higher PAH concentrations

n the DEPE L versus DEPE S samples correlate with the observed differences in cellular activities. Like E2, DEPEs rapidly
ncreased NO with the DEPE L sample acting additively with E2 and then inhibiting E2-induced NO with longer treatment time.
ike E2, DEPEs increased trans-endothelial electrical resistance (TEER) across a monolayer of HUVEC. These data are the first
haracterization of rapid effects of DEPE in human EC and may indicate mechanisms for diesel exhaust in vascular function.

2007 Elsevier Ireland Ltd. All rights reserved.
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. Introduction
Epidemiological studies indicate that inhalation of air
ollution enriched with fine and ultrafine (0.1–2.5 and
0.1 �m diameter, respectively) particulate matter (PM)
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is a risk factor for cardiovascular disease mortality (Pope
et al., 2004). Notably, ultrafine PM have the highest con-
tent of toxic hydrocarbons from vehicle emissions (Nel,
2005) and have been shown to pass rapidly into sys-
temic circulation after inhalation (Elder and Oberdorster,
2006). The actual mechanism(s) for the ability of PM to

accelerate atherosclerosis is unknown and is likely to be
multi-faceted (Brook et al., 2004), but endothelial dys-
function is a critical component of atherosclerotic plaque
formation. Specifically, injury to endothelial cells (EC)

ed.
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causes aggregation of platelets, followed by outgrowth
of the underlying cells (Gonzalez and Kannewurf, 1998).
Moreover, inhalation of PM may cause an inflammatory
response in the lungs with consequent release of pro-
thrombotic and inflammatory cytokines, putting those
with atheroma at increased risk of plaque rupture (Brook
et al., 2004). The inhalation of high urban levels of con-
centrated ambient fine PM and ozone for 2 h caused
conduit arterial vasoconstriction in healthy adults (Brook
et al., 2002). Studies in areas of high ambient air pol-
lution in the Czechoslovakian republic (Binkova et al.,
1996) and China have demonstrated elevated atheroscle-
rotic events in populations exposed to PM (Mumford
et al., 1995). One biochemical basis for these observa-
tions was demonstrated when an aqueous solution of PM
increased H2O2 production, MAPK, and p38 MAPK
activity and led to vasoconstriction in isolated rat pul-
monary artery rings in vitro (Li et al., 2006).

Estrogens have cardioprotective activities in ani-
mal models (Chambliss and Shaul, 2002). Although
large-scale trials reported an increase in CV risk in post-
menopausal women on either hormone replacement or
estrogen replacement therapies (HRT or ERT), these
data are controversial (Clark, 2006). Estrogens regu-
late gene expression by activating estrogen receptors �
and � (ER� and ER�) (Gustafsson, 2005). Addition-
ally, estradiol (E2) rapidly, i.e., within 5 min, activates
MAPK (ERK) and PI3K, increases Ca2+, and eNOS
phosphorylation to produce the vasodilator nitric oxide
(NO), and enhanced EC survival (Chambliss and Shaul,
2002). These rapid effects of E2 are blocked by the ER
antagonist ICI 182,780 (Razandi et al., 2003) and are
called “non-genomic” because gene transcription is not
required. In addition to plasma membrane-associated
ER� and ER�, GPR30 mediates rapid E2 signaling in
certain cells (Thomas et al., 2005). However, GPR’s role
in estrogen signaling is disputed (Pedram et al., 2006)
and is likely to be cell-type-specific. The current evi-
dence indicates that the primary vascular effects of E2
are mediated by ER-induced eNOS activation and NO
production (Chambliss and Shaul, 2002).

Organic diesel exhaust particulate extracts (DEPE)
collected from a diesel truck run at various speeds
and engine loads inhibited genomic E2- (Okamura et
al., 2002) and dihydrotestosterone (DHT)-activity in
human breast and prostate cancer cells, respectively
(Kizu et al., 2003; Okamura et al., 2004). DEPEs include
polycyclic aromatic hydrocarbons (PAHs) (Okamura

et al., 2002). PAHs range from simple fused ben-
zene ring compounds related to naphthalene to the
more complex series of compounds including phenan-
threne, chrysene, benz(a)anthracene, benzo(a)pyrene,
gy Letters 174 (2007) 61–73

dibenz(a,h)anthracene, and dibenzo(a,l)pyrene (Dipple,
1995). Each of these chemicals has toxic as well as car-
cinogenic potential and exists in both unsubstituted and
chemical substituted forms, primarily as either methyl-
or nitro-substitutions (Okamura et al., 2002). Treatment
of rat heart microvessel EC with DEPE for 6 h increased
the expression of antioxidant enzymes including glu-
tathione S-transferase P subunit (GST-P) and NADPH
dehydrogenase, indicating that DEPE can activate the
oxidative stress response in EC (Hirano et al., 2003).
However, to our knowledge, no one has examined the
immediate, rapid effects of DEPE, i.e., the environmen-
tally relevant mixture of PAHs rather than individual
components, on EC function, mimicking acute effects of
diesel exhaust inhalation and absorption into circulation.

The goal of this study was to determine if DEPEs
have rapid, short-term effects alone or in combination
of E2 on activation of MAPK, AKT, and eNOS and NO
production in human umbilical vein EC (HUVEC) as a
model for DEPE vascular effects. Further, we examined
the impact of DEPE on EC function by measuring trans-
endothelial electrical resistance (TEER). Our results
show that DEPEs have rapid effects of on MAPK, AKT,
eNOS, and TEER, whether alone or in combination with
E2. Whether DEPEs result in stimulation or inhibition of
these pathways varies depending on the speed and load
at which the truck was run. Since the PAH constituents
and concentrations of the DEPEs vary with the speed
and load of the truck, these data suggest that the chemi-
cal composition of the DEPE impacts cellular signaling
in the vasculature.

2. Materials and methods

2.1. Chemicals

E2 was purchased from Sigma (St. Louis, MO). ICI 182,780
was purchased from Tocris (Ellisville, MO). E2 and ICI
182,780 were dissolved in 100% ethanol.

2.2. Cell treatments

Human umbilical vein endothelial cells were purchased
from Cambrex BioScience (Walkersville, MD). HUVEC were
used between P3-8 and were maintained in EGM-2 (Cambrex).
Cells were serum-starved for 24 h prior to each experiment and
treated with vehicle (ethanol, EtOH), 10 nM E2, DEPE or other
treatments in phenol-red free medium without serum for the
time and concentration indicated in the figures.
2.3. Preparation of diesel exhaust particulate extracts

A 2-tonne diesel-engine truck (made in Japan, 4610 cc,
direct injection type, 1999 model) was run on a chassis
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ynamometer under the loads of 0%, 50%, or 75% of maximum
L0, L50, and L75; torque 0 kN, 3 kN, or 4.5 kN, respectively)
nd at vehicle speeds of 20 km/h, 50 km/h, or 80 km/h (S20,
20, and S80 with no added load) (Kizu et al., 2003; Okamura
t al., 2002, 2004). The engine revolution was held constant
t 2500 rpm (speed estimate 40 km/h) for collection of load-
aried samples. Diesel exhaust particles (DEP) were collected
n polytetrafluoroethylene-coated borosilicate Emfab filters
product no. 7224 = TX40HI20WW), Pallflex Products (Put-
am, CT). DEP were collected under the provisions of US
PA 40 CFR, Part 86, Subpart N, in the Japanese Automobile
esearch Institute, a public-service corporation. US EPA 40
FR, Part 86, Subpart N stipulates that DEP should be collected

ollowing dilution by dilution air at 25 ± 5 ◦C to make automo-
ile exhaust temperature below 52 ◦C. Exhaust emitted from
he tailpipe was introduced into a dilution tunnel for heavy duty
ehicles and diluted approximately by a factor of 20 with fil-
ered clean air at 25 ± 5 ◦C. The temperature at sampling point
as below 35 ◦C. The filters were exchanged every 20 min.
he Pallflex Emfab filters used in this study have the ability to

etain 0.3 �m particles by 99.9% according to the product data
heet http://labfilters.pall.com/catalog/924 20056.asp. Thus,
articles of >0.3 �m were quantitatively collected. Retention
fficacy of particles of <0.3 �m is not known. A 40 mm2 section
f each filter (∼40 mg of DEP) was cut into small pieces and
ltrasonically extracted twice with 400 ml of benzene/ethanol
3:1). The benzene/EtOH solution was evaporated to dryness
n vacuo at 40 ◦C after being filtered with syringe filters with
pore size of 0.45 �m. The residue was dissolved in ethanol

o give a stock concentration of 10 mg/ml. A filter blank (FB)
ample was prepared similarly from unused filters. The ranges
f soluble organic fraction (SOF) of the L and S DEPE sam-
les is shown in Table 1. The PAH contents of the DEPE
amples was qualitatively and quantitatively assessed using
oth liquid chromatographic (LC) techniques and gas chro-
atographic mass spectral analysis. Analysis of samples using

C was carried out using a Waters LC system interface with
odel M 600 quaternary pumping systems and a model 717

utomated sample injector. Samples were analyzed both using
hotodiode array detection (200–600 nm at 1.2 nm resolution)

able 1
haracteristics of DEPE samples

perating parameters Torque
(kN)

DEP-exhaust
rate (mg/min)

SOF (%)

oad of 0% (L0) 0 8.8 53.0 ± 4.8
oad of 50% (L50) 3 11.2 57.9 ± 2.6
oad of 75% (L75) 4.5 17.9 59.0 ± 2.6
peed of 20 km/h (S20) 0 6.2 47.0 ± 1.9
peed of 50 km/h (S20) 0 7.7 42.8 ± 5.0
peed of 80 km/h (S80) 0 12.0 41.4 ± 4.5

2-tonne diesel-engine truck (made in Japan, 4610 cc, direct injection
ype, 1999 model) was run on a chassis dynamometer under different
oads (L) and speeds (S). The soluble organic fraction (SOF) was deter-

ined as previously reported (Kizu et al., 2003; Okamura et al., 2002,
004) and values are the mean ± S.D. of three separate extract samples.
gy Letters 174 (2007) 61–73 63

and by continual scanning fluorescence detection using exci-
tation wavelengths (240–260 nm) and emission wavelengths
from 340 to 375 nm. A 25 cm × 4.6 mm column packed with
C18 Ultrasphere, 5 �m, was used to elute the mixtures using
a gradient of 50% acetonitrile/water to 100% acetonitrile in
30 min. Qualitative and quantitative assessment of peak iden-
tity and amounts was achieved using sample standards of a wide
variety of purified PAHs and assessing both retention time, flu-
orescence properties, UV absorbance characteristics. Analysis
of data was accomplished using the Waters Excalibur software
program.

Gas chromatographic and mass spectral analysis of
DEPE samples was accomplished using a Hewlett-Packard
5890/5972 GC/MS. The instrument is equipped with elec-
tron ionization modes for detection of chemicals samples
and the gas chromatographic system was equipped with a
15 mm × 0.25 mm DB-1 fused silica column. Samples were
analyzed and quantitative using a Hewlett-Packard MS Chem-
Station software package. Confirmation of identities and
quantitation of samples was achieved by comparison of
retention times on GC as well as comparison with mass frag-
mentation patterns with authentic standards of known PAHs.
The PAH content of the L and S DEPE samples is presented in
Tables 2 and 3.

2.4. Preparation of whole cell extracts and western
blotting

Whole cell extracts (WCE) were prepared in RIPA buffer
(50 mM Tris–HCl, pH 7.4; 1% Nonidet P-40; 0.25% Na-
deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM PMSF;
1 �g/ml of each: aprotinin, leupeptin, pepstatin; 1 mM
Na3VO4; 1 mM NaF) as described (Dougherty et al., 2006). For
western blotting, 30 �g of WCE protein were separated on 10%
SDS-PAGE gels and electroblotted onto PVDF membranes
(Pall Corporation, Pensacola, FL) as described (Klinge et
al., 2005). Antibodies for MAPK (ERK1/2), Phospho-p44/42
MAPK (P-ERK1/2), AKT, and P-Thr308-AKT were from Cell
Signaling Technology (Beverly, MA). P-ser1177-eNOS and
eNOS antibodies were purchased from Cell Signaling Technol-
ogy and Upstate (Lake Placid, NY), respectively. Super Signal
West Pico Chemiluminescent Substrate (Pierce, Rockford, IL)
was used to detect protein bands. Resulting immunoblots were
scanned into Adobe Photoshop 7.0 using a Microtek Scan-
Maker III scanner (Carson, CA). Un-Scan-It 6.1 for Windows
(Silk Scientific, Orem, UT) was used to digitalize and ana-
lyze the relative amounts of protein, based on pixel density,
in the immunoblot bands. For P-MAPK/MAPK, immunoblots
were first probed for P-MAPK and then stripped in 62.5 mM
Tris–HCl, pH 6.7 buffer containing 2% SDS and 100 mM
�ME. The membranes were rinsed, blocked in 5% dry milk

in Tris-buffered saline (TBS)–0.1% Tween (TBS–Tween),
and then re-probed for MAPK. Integrated optical densities
(IOD) were added: ERK-1 plus ERK-2 = MAPK and phospho
(P) P-ERK1 plus P-ERK2 = P-MAPK. The treatment-specific
P-MAPK IOD within each experiment were divided by con-

http://labfilters.pall.com/catalog/924_20056.asp


64 W.K. Sumanasekera et al. / Toxicology Letters 174 (2007) 61–73

Table 2
Concentrations of PAHs with four or more rings found in DEPE load
(L) samples

Compound Concentration (pmoles/mg DEPE))

L0 L50 L75

Pyrene 409 ± 108 806 ± 254 740 ± 195
Benz(a)anthracene 77.3 ± 38.7 111 ± 82.5 147 ± 63.3
Chrysene 112 ± 58.2 118 ± 90.6 286 ± 140
Benzo(b)fluoranthene 95.7 ± 13.4 68.6 ± 18.2 152 ± 60.9
Benzo(k)fluoranthene 11.6 ± 3.70 2.70 ± 1.00 17.5 ± 7.00
Benzo(a)pyrene 19.4 ± 2.20 1.90 ± 0.70 4.30 ± 0.30
Benzo(b)chrysene 0.70 ± 0.20 0.10 ± 0.10 N.D.a

Perylene 7.00 ± 0.40 1.40 ± 0.50 1.20 ± 0.30
Dibenz(a,h)anthracene 10.0 ± 4.90 6.60 ± 2.20 6.10 ± 6.50
Benzo(ghi)perylene 13.6 ± 2.00 1.40 ± 2.40 5.20 ± 5.80
Indeno(1,2,3-cd)pyrene 4.00 ± 1.70 N.D.a N.D.a

Dibenzo(a,e)pyrene 0.30 ± 0.30 0.10 ± 0.30 0.10 ± 0.30
Coronene 0.50 ± 0.40 N.D.a N.D.a

Phenanthrene 86.2 ± 12.5 133 ± 16.3 142 ± 13.4
Anthracene 95.3 ± 23.5 72.1 ± 12.4 89.5 ± 10.3
Dibenzo(a,c)anthracene 92.6 ± 18.7 103 ± 10.3 112 ± 16.7
Dibenzo(a,j)anthracene 52.7 ± 17.6 62.3 ± 9.2 72.5 ± 11.4
Benzo(e)pyrene 392 ± 38.6 285 ± 18.6 263 ± 16.3
Dibenzo(a,l)pyrene 35.6 ± 9.5 24.3 ± 3.6 36.7 ± 12.3
Dibenzo(a,i)pyrene 25.8 ± 5.2 32.9 ± 4.1 24.6 ± 6.8
Cyclopenta(cd)pyrene 1.23 ± 0.26 1.46 ± 0.31 1.82 ± 1.4
Benzo(ghi)fluoranthene 153 ± 42.5 183 ± 20.4 191 ± 18.7
Benzo(b)fluoranthene 21.5 ± 6.2 28.6 ± 3.8 31.7 ± 12.1
Benzo(k)fluoranthene 6.33 ± 2.3 5.72 ± 1.5 7.7 ± 2.5
Benzo(ghi)perylene 7.45 ± 2.1 7.85 ± 2.3 9.12 ± 3.5
Naphthacene 1.44 ± 0.36 1.53 ± 0.44 1.84 ± 0.94
Pentacene 0.45 ± 0.11 0.32 ± 0.11 0.41 ± 0.13
Pentaphene 0.22 ± 0.04 0.42 ± 0.18 0.46 ± 0.21

Table 3
Concentrations of PAHs with four or more rings found in DEPE speed
(S) samples

Compound Concentration (pmol/mg DEPE)

S20 S20 S80

Pyrene 328 ± 89 265 ± 130 287 ± 98
Benz(a)anthracene 122 ± 43 92.6 ± 47 86 ± 36
Chrysene 63.0 ± 23.4 84.6 ± 36.1 66.2 ± 30.2
Benzo(b)fluoranthene 47.5 ± 14.3 52.3 ± 21.9 40.3 ± 19.7
Benzo(k)fluoranthene 23.2 ± 9.1 19.9 ± 8.4 5.7 ± 3.5
Benzo(a)pyrene 9.1 ± 1.0 16.5 ± 7.8 13.5 ± 5.4
Benzo(b)chrysene 17.3 ± 4.8 7.9 ± 2.3 9.5 ± 5.6
Perylene 7.8 ± 4.2 7.5 ± 3.4 6.0 ± 2.6
Dibenz(a,h)anthracene 2.9 ± 1.3 3.5 ± 1.5 6.4 ± 2.2
Benzo(ghi)perylene 1.4 ± 0.52 N.D.a N.D.a

Indeno(1,2,3-cd)pyrene 0.8 ± 0.5 N.D.a 0.9 ± 0.5
Dibenzo(a,e)pyrene 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1
Coronene 0.40 ± 0.30 N.D.a 0.3 ± 0.2
Phenanthrene 87.2 ± 29.6 92.4 ± 26.4 91.6 ± 16.8
Anthracene 65.1 ± 27.5 68.1 ± 18.4 72.6 ± 14.1
Dibenzo(a,c)anthracene 46.2 ± 15.3 79.1 ± 29.7 83.4 ± 21.5
Dibenzo(a,j)anthracene 32.7 ± 16.2 21.5 ± 8.22 18.2 ± 3.46
Benzo(e)pyrene 224 ± 37.1 236 ± 42.1 249 ± 29.6
Dibenzo(a,l)pyrene 13.5 ± 5.44 15.4 ± 3.73 16.2 ± 4.22
Dibenzo(a,i)pyrene 20.3 ± 8.43 26.8 ± 8.41 29.4 ± 6.48
Cyclopenta(cd)pyrene 0.25 ± 0.09 0.33 ± 0.12 0.37 ± 0.08
Benzo(ghi)fluoranthene 132 ± 12.7 124 ± 23.4 133 ± 26.4
Benzo(b)fluoranthene 15.4 ± 3.56 16.2 ± 3.45 17.4 ± 3.48
Benzo(k)fluoranthene 3.87 ± 1.07 4.88 ± 2.49 5.87 ± 1.94
Benzo(ghi)perylene 4.63 ± 1.21 2.87 ± 0.97 3.53 ± 0.92
Naphthacene 0.76 ± 0.15 0.64 ± 0.15 0.71 ± 0.05
Pentacene 0.22 ± 0.06 0.31 ± 0.04 0.35 ± 0.12
Pentaphene 0.39 ± 0.14 0.49 ± 0.09 0.56 ± 0.07
The composition of the DEPEs was evaluated as described in Section
2.

a Not detected, mean ± S.D. (three separate extract samples).

cordant MAPK IOD in the same blot and normalized to
EtOH, which was set to 1. Calculations for P-AKT/AKT and
P-ser1177eNOS/eNOS were performed as described for P-
MAPK/MAPK.

2.5. Measurement of nitric oxide

Production of NO was assessed using the NO-specific flu-
orescent dye 4,5-diaminofluorescein diacetate (DAF-2 DA;
Sigma) (Kojima et al., 1998). In brief, HUVEC were grown in
chamber slides (Lab-Tek, Rochester, NY) and were incubated
in serum-free EBM medium with 100 �M l-arginine (Sigma)
for 24 h prior to loading with 3 �M DAF-2-DA for 30 min
at 37 ◦C. Cells were rinsed three times with HEPES buffered
physiological salt solution (PSS). Cells were then treated with

EtOH, 10 nM E2, 10 �g/ml L75, or 10 �g/ml S80 for 5 min,
10 min, or 15 min. For the inhibitor study, HUVEC were pre-
treated for 30 min with 100 �M nitro-l-arginine methyl ester
(l-NAME, Sigma), a NOS inhibitor before the cells were
loaded with DAF-2 DA. The living cells were examined using
The composition of the DEPEs was evaluated as described in Section
2.

a Not detected, mean ± S.D. (three separate extract samples).

an Axiovert 200 inverted high-end microscope (Zeiss) with a
×10 objective lens, and using appropriate filters with a peak
excitation wavelength of 494 nm and a peak emission wave-
length of 517 nm. Images were captured using AxioVision
Release 4.3 software (Zeiss) and relative fluorescence inten-
sity was quantitated using Un-Scan-It 6.1. All images were
captured using identical microscope imaging settings with an
exposure time 236 �s.

2.6. Trans-endothelial electrical resistance

EVOM STX2 Chopstick electrodes were purchased from
World Precision Instruments Inc. (Sarasota, FL) and connected
to a current source meter (Keithley Inc., Cleveland, OH) and
a nanovoltmeter (Keithley Inc. Cleveland, OH) interfaced to

a computer. One lakh HUVEC were seeded on polycarbonate
cell culture inserts (0.33 cm2, 0.4 �m, Corning, Corning, NY)
and grown for 2 days in EGM-2 media supplemented with
2% FBS to form a monolayer. The medium was then changed
to EBM-2 supplemented with 2% dextran-coated charcoal-
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tripped FBS for 24 h prior to treatment with FB, 10 nM E2,
0 �g/ml L75, or 10 �g/ml S80 DEPE for 15 min. TEER was
easured by applying a 10 �A current across the EC mono-

ayer and values were taken every 6 s for 5 min. The average
alue was taken as the TEER across EC barrier. TEER across
lters without cells was set to 100%.

.7. Lactate dehydrogenase (LDH) cytotoxicity assay

HUVEC were grown in 12-well plates to 80% confluency in
BM-2 media. Following 24 h in 2% DCC FBS, the cells were

reated with EtOH, 10 nM E2, or increasing concentrations of
he DEPEs:FB (negative control), L75, or S80. After 15 min of
reatment, the medium overlaying cells was removed and LDH
eleased to the medium and intracellular LDH were assayed
Welder et al., 1991). The percent LDH activity was calculated
ccording to the formula:

DH activity (�mol/min/mg)

= �A340 nm/ min

6.22 (�mol/ml)
× DF

PC (mg/ml)

here 6.22 = molar extinction coefficient for NADH,
F = dilution factor, and PC = protein concentration. Percent

ytotoxicity (% LDH released to the medium) was calculated
sing the equation (Welder et al., 1991):

cytotoxicity = Mtreatment

Ttreatment
− Mcontrol

Tcontrol
× 100

here M = LDH activity of the medium, and T = total
medium + lysate) LDH activity.

.8. Statistical analysis

Statistical analyses were performed using Student’s 2-tailed
-test or one-way ANOVA followed by Dunn’s multiple com-
arison with GraphPad Prism (San Diego, CA).

. Results

.1. Chemical composition of DEPEs

Table 1 summarizes the running conditions of the
ruck for the DEPEs used in this study. The DEPEs were
ound to be a heterogeneous mixture of organic and inor-
anic compounds including pyrene, benz(a)anthracene,
hrysene, and benzo(a)pyrene (Tables 2 and 3) that are
rylhydrocarbon receptor (AHR) agonists (Kizu et al.,
003; Okamura et al., 2002). Although similar com-
ounds were found in all samples ranging from pyrene
o pentaphene, it was of interest to notice the differences

n concentrations of each of the PAHs that were obtained
rom the diesel truck run under each of the two tests, i.e.,
oad (L) versus speed (S). The L0, L50, and L75 sam-
les possess relatively higher concentrations of all of the
gy Letters 174 (2007) 61–73 65

PAHs analyzed when compared directly to the S20, S20
and S80 samples.

3.2. Effect of DEPE and E2 on MAPK (ERK1/2)
activation

Short-term elevations in ambient PM levels trigger
acute ischemic cardiovascular complications (Brook et
al., 2004). Since diesel exhaust contributes to ultrafine
PM, we examined the short-term effects of DEPE on
ERK1/2 (MAPK) in HUVEC. The L75 DEPE rapidly
increased MAPK activation with a peak between 10
and 20 min (Fig. 1A and B). FB and EtOH served as
negative controls. The FB obviates results from any
chemicals released from the filter and EtOH is the
solvent in which E2 and all DEPEs were dissolved.
We compared the effect of DEPEs after 15 min of
treatment. L0, L50, and L75 increased MAPK phospho-
rylation whereas the S DEPEs had no effect (Fig. 1C).
The DEPE effect was not caused by release of chem-
icals from the filter on which the DEP were trapped
since the FB control was not different from the EtOH
vehicle control (Fig. 1C). The higher MAPK activa-
tion detected with the L DEPEs is in agreement with
the overall higher PAH content of L versus S DEPEs
(Tables 2 and 3).

Normal functions of the endothelium may be
impaired by PM (Brook et al., 2004). To determine if
DEPE alters the rapid, non-genomic activation of MAPK
by E2, HUVEC were co-treated with E2 and DEPE
and MAPK phosphorylation was measured (Fig. 1C).
Whereas the DEPE S samples inhibited E2-induced
MAPK phosphorylation in HUVEC (Fig. 1C), the DEPE
L samples had no significant effect on E2-induced
MAPK phosphorylation (Fig. 1C).

3.3. Effect of DEPE and E2 on AKT activation

Rapid activation of PI3K/AKT by E2 via the non-
genomic ER pathway increases NO production and
vasoprotection (Chambliss and Shaul, 2002). No one has
examined the effect of DEPE on AKT phosphorylation.
We selected the DEPE samples from the truck run at
the highest speed (S80) and highest load (L75) for fur-
ther testing. E2, L75, and S80 alone or in combination
significantly increased AKT phosphorylation compared
to EtOH (Fig. 2). FB did not increase AKT phosphory-
lation (data not shown). These results indicate that E ,
2
L75, and S80 all activate AKT, but do not act additively,
perhaps because the response is saturated. In addition,
S80 has opposing effects on AKT and MAPK phospho-
rylation, suggesting the contribution of different PAHs
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Fig. 1. DEPEs activate MAPK in HUVEC. (A) HUVEC were treated with 10 �g/ml L75 DEPE for the indicated time and WCE were immunoblotted
for P-MAPK. The blots were stripped and re-probed for MAPK. (B) The bar graph shows P-MAPK/MAPK values normalized to vehicle and FB
control values and are the mean ± S.E.M. of three to five separate experiments. (C) Summary of data from HUVEC treated for 15 min with EtOH,

and are
m the E
10 �g/ml FB, or the indicated DEPEs as described in Section 2. Values
different from the EtOH control (p < 0.05). bSignificantly different fro

and chemical constituents in the L versus S DEPEs to
cell signaling pathways.

3.4. Effect of DEPE and E2 on LDH release from
HUVEC

Because DEPE were reported to have cytotoxic
effects in bronchial epithelial cells, albeit with effects
seen only at concentrations of >50 �g/ml and after 6 h
of treatment (Li et al., 2002), the effect of E2 and DEPE
samples on cytotoxicity in HUVEC was monitored by

LDH release (Fig. 3). The EtOH vehicle and FB con-
trols were equal. E2 inhibited LDH release, consistent
with its known antioxidant, and vaso-protective func-
tions (Hamilton et al., 2004). L75 or S80 resulted in only
the mean ± S.E.M. of three to five separate experiments. aSignificantly

2 alone value, p < 0.05.

∼2% cytotoxicity, a value that is insignificant compared
to the 33–51% cytotoxicity detected in EC exposed to
environmental toxicants or bacteria (Millar et al., 2003).
We conclude that DEPE are not cytotoxic to HUVEC at
the concentrations and short exposures used in this study.

3.5. Effect of DEPE on eNOS activation in HUVEC

Because phosphorylation of eNOS at ser1177 indi-
cates enzyme activation by MAPK and the AKT (Anter
et al., 2004), we examined the ratio of P-ser1177-

eNOS/total eNOS after treatment of HUVEC with E2
or DEPE. E2 increased the P-ser1177-eNOS/eNOS ratio
with a peak at 10 min that was selected for subsequent
experiments (Fig. 4A and B). Similarly, L75 and S80
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Fig. 2. DEPE stimulate AKT phosphorylation in HUVEC. HUVEC
were treated for 10 min with EtOH or the indicated DEPE as described
in Section 2. WCE were immunoblotted for P-AKT and then stripped
and re-probed for AKT. (A) A representative western blot of P-
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Fig. 4. E2 and L75 increase phosphorylation of eNOS on ser1177.
HUVEC were treated with EtOH or 10 nM E2 for the indicated time
and Phospho-ser1177- and total eNOS examined by western blotting
(A). Within each experiment, the value of P-eNOS/total eNOS for the
EtOH control was set to 1 (n = 6 experiments for time zero). (B) Results
are the mean ± S.E.M. of three to six determinations. (C) HUVEC were
not treated (none), or treated with EtOH, FB, 10 nM E2, 10 �g/ml of
KT/AKT. (B) The bar graph shows values that are the mean ± S.E.M.
f two to three separate experiments. aSignificantly different from no
reatment control, p < 0.05.

ncreased P-ser1177-eNOS/eNOS, but did not act addi-
ively with E2 (Fig. 4C). These results correlate with
he observed activation of AKT by both L75 and S80
Fig. 2). ICI 182,780 inhibited eNOS phosphorylation
y E2 and by L75, indicating that the response is ER-

ediated. These data appear to reflect differences in

he intracellular pathways affected by L75 and S80 in
UVEC.

ig. 3. Effect of DEPE on LDH release as an index of cytotoxicity.
UVEC were treated with EtOH, FB, 10 nM E2, or 10 �g/ml of each
f the indicated DEPE samples (S = speed and L = load) for 15 min. The
DH activity was assayed as described in Section 2. The % cytotoxicity
as calculated as described in Section 2. Data are expressed as the
ean ± S.E.M. of three to five separate experiments. aSignificantly

ifferent from EtOH control, p < 0.05.

each of the indicated DEPEs or 100 nM ICI 182,780, alone or in com-
bination as indicated, for 10 min. Phospho-ser1177eNOS/eNOS was
assayed by western blotting. Results are the mean ± S.E.M. of three

determinations. aSignificantly different from EtOH and FB controls.
bSignificantly different from E2 alone. cSignificantly different from
L75 alone (p < 0.05).

3.6. DEPE stimulate NO production and inhibit
E2-induced NO production

We examined the acute effects of S80 and L75, E2,
or the combination thereof, on NO production using
DAF-2 fluorescent dye. A significant increase in green
fluorescence, indicative of NO production, was detected
with 5 min E2 treatment and peaked at 10 min (Fig. 5).

DAF-2 fluorescence declined to basal levels after 30 min
(data not shown). L75 and S80 induced similar levels
of DAF-2 fluorescence at 5 and 10 min, but the S80-
induced fluorescence was reduced at 15 min. Both L75
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Fig. 5. DEPE inhibit E2-induced NO production in HUVEC. (A) Fluorescence DAF-2 DA imaging of HUVEC. HUVEC were serum-starved and
loaded with DAF-2 DA before treatment with EtOH, 10 nM E2, 10 �g/ml S80 or L75 for 10 or 15 min. Where indicated, cells were pre-treated for
30 min with 100 �M l-NAME. After treatment, cells were fixed in 2% paraformaldehyde for 5 min at 4 ◦C and then viewed using an epifluorescent
microscope as described in Section 2. Emission of green light (517 nm) from cells excited at 494 nm is indicative of NO production. (B) Quantitation
of fluorescence in three separate fields was averaged and plotted as relative values ± S.E.M. aSignificantly different from the same treatment value
at 5 min, p < 0.05. The average time zero (t0) value was 665 ± 114.
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Fig. 6. E2, L75, and S80 increase trans-endothelial electrical resis-
tance. HUVEC grown on transwell inserts were treated for 15 min with
FB, EtOH, 10 nM E2, or 10 �g/ml of the indicated DEPE. TEER was
measured across a transwell insert without cells (filter) or across the EC
barrier as described in Section 2. Each bar is the average of three sep-
Fig. 5.

nd S80 inhibited E2-induced DAF-2 fluorescence (NO
roduction) at 15 min. To verify that the increase in
reen fluorescence reflected NO production, HUVEC
ere pretreated with nitro-l-arginine methyl ester (l-
AME), a NOS inhibitor and then treated with E2, L75,
r S80 for 10 min. As expected, l-NAME completely
locked the increase in green fluorescence seen with E2
r either DEPE alone (Fig. 5 and data not shown). In con-
lusion, L75 and S80 rapidly stimulate NO production
nd S80 has a shorter duration of NO stimulation. At the
5 min time point, both L75 and S80 inhibit E2-induced
O production. These data agree with the time kinet-

cs of ser1177 eNOS phosphorylation (Fig. 4B), thus
eflecting eNOS activation.

.7. E2 and DEPE decrease paracellular
ermeability

We examined the effect of DEPE and E2 alone or
n combination on trans-endothelial electrical resistance
cross a monolayer of HUVEC. The relative TEER for
he filter without cells was set to 100 and the increase
n TEER in the FB or EtOH (control)-treated HUVEC
erves as a positive control indicating a decrease in per-
eability resulting from tight junction (TJ) function of

he HUVEC occupying the filter. TEER increased with
5 min treatment with E2, L75, and S80, mimicking a
hort transient exposure to diesel exhaust (Fig. 6). How-
ver, there was no additive effect of either L75 or S80
ith E2 on TEER.

. Discussion

Since people are usually exposed only briefly to diesel
xhaust, e.g., from bus or truck exhaust on the street,

ur experiments focused on short-term effects of DEPE
n pathways that control cell replication and EC func-
ion. The data reported here demonstrate that DEPEs
ave rapid effects on MAPK (ERK1/2) and AKT in
arate experiments ± S.E.M. aSignificantly different from filter alone.
bSignificantly different from EtOH and FB controls, p < 0.05.

HUVEC resulting in increased eNOS phosphorylation,
NO production, and decreased paracellular permeabil-
ity. Short-term DEPE treatment was not cytotoxic. The
impact of a particular DEPE was dependent on whether
the truck was run at different engine loads or speeds.
Different driving conditions, e.g., idling, accelerating, or
climbing a hill, were reported to affect exhaust emissions
from diesel-vehicles by altering the emitted amounts
and composition of hydrocarbons and PM (Okamura et
al., 2004) and our analysis indicates an overall higher
PAH content of DEPE L than DEPE S samples. Of
additional interest was the detection of a wide vari-
ety carcinogenic compounds in all six DEPE mixtures.

Dibenzo(a,l)pyrene was observed as a DNA adduct in
heart (Arif et al., 1999), but its role in the vasculature is,
as of yet, uncharacterized.
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Similar to the conclusions from a study compar-
ing the genomic activity of organic extracts from the
particulate and gas phase of ambient air collected in
downtown Toronto, Canada (Klein et al., 2006), our
results indicate that the impact of air pollution, chemi-
cal composition, and biological activity is complex. The
greatest chemical difference detected in the L versus S
DEPE samples is the higher concentration of pyrene,
benz(a)anthracene, chrysene, and benzo[b]fluoranthene
in the L DEPEs. Notably, the highest chrysene concen-
tration was in the L75 DEPE that had a pronounced
stimulatory effect on MAPK activation. To our knowl-
edge no one has separately evaluated the rapid effects
of chrysene on MAPK activation in HUVEC. Others
reported that treatment of JB6 Cl 41 mouse epithelial
cells with 2 �M benzo(a)pyrene-7,8-diol-9,10-epoxide
(B[a]PDE) or chrysene-1,2-diol-3,4-epoxide (CDE) for
30 min activated MAPK, p38 MAPK, and JNK (J. Li et
al., 2004). Benzo(a)pyrene (B[a]P) was shown to sup-
press gap junctional intracellular communication and
increase intracellular Ca2+ within 15 min of treatment of
rat liver cells (Barhoumi et al., 2000). These data demon-
strate that B[a]P triggers changes in cellular membrane
functions before metabolic activation (Barhoumi et al.,
2000). NO production in HUVEC was rapidly (30 min)
increased by treatment with 50 �M of the PAHs naphtha-
lene, fluorene, and fluoranthene, but not by 50 �M B[a]P
(C.-H. Li et al., 2004). PAH-induced NO was inhibited by
receptor-operated calcium channel blocker SKF 96365
(C.-H. Li et al., 2004), a result that indicates rapid effects
of PAHs in the plasma membrane. More recent studies
in a human myometrial cell line (PHM1) showed that
B[a]P rapidly (within 30 min) alters oxytocin-induced
Ca2+ oscillations by altering the tyrosine kinase path-
way which is part of the GPCR pathway response to,
membrane channels, and PKC activity (Barhoumi et al.,
2006). Further studies will be needed to examine the
role of individual DEPE constituents in the activation
of MAPK, AKT, and eNOS observed in HUVEC as
reported here.

Numerous studies from other labs have character-
ized smaller PAH molecules found in diesel exhaust
particles, particularly naphthalene, anthracene, pyrene,
and benz(a)anthracene (examples include Iwanari et al.,
2002; Kawasaki et al., 2001; Landvik et al., 2007; Perera,
1981; Yamazaki et al., 2000). While not discounting
the presence of these specific PAH molecules in these
preparations, the focus of our studies was to investigate

those larger PAH molecules that have been largely under-
studied in scientific literature. Ideally, an extraction of
any particulate matter or substance used for detection
of PAH, will characterize the individual PAHs based
gy Letters 174 (2007) 61–73

on size and overall polarity of the molecule. For exam-
ple, extractions carried out using weak, moderate, and
strong organic solvents allow the extraction of both small
molecule PAHs such as phenanthrene and pyrene deriva-
tives from those related to the dibenzopyrenes. We are
intrigued by the potential to further classify the com-
pounds identified in DEPEs into subsets of PAH based
on size of the molecule, and will be carrying out studies in
which specific fractions of PAH extracts which include
both low molecular weight as well as high molecular
weight PAHs will be tested in our system. In addition, it is
well established in the literature that there exist both car-
cinogenic as well as noncarcinogenic PAHs (Tannheimer
et al., 1997). It is highly probable our DEPEs contain
compounds that both stimulate as well as suppress NO
production. This is one of the problematic areas in deal-
ing with environmental samples and is a well-known
complication of dealing with complex mixtures. Con-
tinued studies dealing with refinement of the complex
DEPE mixtures into individual components will assist us
in determining which of the components found in DEP
are most responsible for the effects that were observed
in the present study.

An important function of EC is to maintain vascu-
lar barrier function. Tight junctions between EC prevent
paracellular permeability, i.e., water and solute trans-
port between cells, thus forming a barrier to prevent
chemicals from entering underlying cell layers. Here
we observed that TEER increased with 15 min treatment
with E2, L75, and S80, but there was no additive effect
of combined E2 with either L75 or S80. The increase
in TEER with E2 is in contrast with a report that E2
decreased TEER in a human EC line (Ye et al., 2003).
One possible reason for this difference is that the primary
HUVEC used in our study express both ER� and ER�
whereas the HECV cell line used by Ye et al., expressed
only ER�. Notably, these data indicate that short-term
DEPE treatment does not inhibit TJ function in HUVEC.

We previously reported that these DEPE have antie-
strogenic and antiandrogenic activities on genomic ER
and AR function as assayed by reporter gene activation
in breast and prostate cancer cells, respectively (Kizu
et al., 2003; Okamura et al., 2002, 2004). We demon-
strated that these effects were mediated at least in part
by PAH-activation of AHR. Here we report that S, but
not L, DEPE inhibited E2-induced MAPK phosphory-
lation in HUVEC. Other AHR ligands, i.e., TCDD and
3-MC, have been shown to inhibit MAPK signaling in

MCF-7 cells (Diry et al., 2006), whereas B[a]P inhib-
ited MAPK activation in macrophages (Lecureur et al.,
2005). Results shown here indicate differences in the
bioactivity of the DEPE collected under different engine
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Fig. 7. Summary of DEPE activities in HUVEC. This figure summarizes the data shown in the previous figures and provides a hypothetical model
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f the pathways involved in the observed rapid effects of DEPEs and
ncreases NO production. L DEPEs increase phosphorylation of MAP
NOS phosphorylation and NO production.

onditions. A speculative model summarizing our results
nd their possible relationship is provided in Fig. 7. The
bility of DEPE L samples to activate MAPK and AKT
as reflected in an increase in P-ser1177 eNOS and NO.
EPE S samples also increased eNOS phosphorylation

nd NO production, perhaps through AKT activation.
ifferences in MAPK activation with L versus S DEPEs

uggest that the biological activity of DEPEs vary with
ngine load and speed, consistent with other reports
Higgins et al., 2003). Future studies will be designed
o determine the differences among classes of varying
AHs on intracellular signaling pathways.

We note that the increase in fluorescence emission
f DAF-2 in DEPE-treated HUVEC was inhibited by
-NAME, indicating that the fluorescence was not due
o increased accumulation of PAHs within the cells, but
as specific to NO generation. In addition, a study exam-

ning the accumulation of the B[a]P in rat liver Clone
cells showed a time- and dose-dependent increase

n fluorescence with <10% increase in fluorescence
mission (input 351/360 nm and emission measured at
05/445 nm) in 15 min using 10 �M B[a]P (Barhoumi et
l., 2000). Notably, this spectra does not overlap the input
r emission spectra used in our DAF-2 study. Further, the
aturation of B[a]P fluorescence was not achieved until
h, i.e., much longer than the 15 min used in HUVEC

tudies. Thus, we conclude that the intrinsic fluorescence
f the PAHs in the DEPEs did not interfere with the
AF-2 fluorescence emission detected in our studies.

Ultrafine PM have the highest content of toxic hydro-
arbons from vehicle emissions (Nel, 2005). Although

he mechanism(s) by which PM accelerate atheroscle-
osis and trigger myocardial dysfunction is unknown
nd is likely to be multi-faceted (Brook et al., 2004),
ndothelial dysfunction is likely to be involved. Indeed,
UVEC. E2 increases MAPK, AKT, and eNOS phosphorylation and
, and eNOS and increase NO production. S DEPEs increase AKT and

the inhalation of high urban levels of concentrated ambi-
ent fine particles and ozone for 2 h caused conduit arterial
vasoconstriction in healthy adults (Brook et al., 2002).
Inhalation of diesel exhaust containing PM10 100 �g/m3

for 2 h resulted in a depletion of arachidonic acid and
GSH in bronchial washes with a significant increase in
GSH 6 h after the exposure, indicating that the respira-
tory tract exerts an antioxidant response to the diesel
exhaust inhalation (Mudway et al., 2004). The rela-
tionship between the DEPE concentrations used in the
HUVEC studies reported in this manuscript and possi-
ble inhalation exposure in adults is uncertain because
each DEPE was prepared from a 20 min direct tail
pipe collection. Here, we observed that DEPE rapidly
increased intracellular pathways leading to NO produc-
tion in HUVEC, an effect that would be expected to result
in vasodilation. Notably, the increase in NO was highest
at 5–10 min and declined by 15 min indicating the acute
effect of DEPE may be different from longer term effects
such as those in the aforementioned human studies. Fur-
ther time course studies will be required to examine the
long-term consequences of DEPE on cell signaling and
HUVEC function.
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