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Abstract
Endothelial dysfunction precedes cardiovascular disease and is accompanied by mitochondrial
dysfunction. Here we tested the hypothesis that diesel exhaust particulate extracts (DEPEs),
prepared from a truck run at different speeds and engine loads, would inhibit genomic estrogen
receptor activation of nuclear respiratory factor-1 (NRF-1) transcription in human umbilical vein
endothelial cells (HUVECs). Additionally, we examined how DEPEs affect NRF-1 regulated
TFAM expression and, in turn, Tfam-regulated mtDNA-encoded cytochrome c oxidase subunit I
(COI, MTCO1) and NADH dehydrogenase subunit I (NDI) expression as well as cell proliferation
and viability. We report that 17β-estradiol (E2), 4-hydroxytamoxifen (4-OHT), and raloxifene
increased NRF-1 transcription in HUVECs in an ER-dependent manner. DEPEs inhibited NRF-1
transcription and this suppression was not ablated by concomitant treatment with E2, 4-OHT, or
raloxifene, indicating that the effect was not due to inhibition of ER activity. While E2 increased
HUVEC proliferation and viability, DEPEs inhibited viability but not proliferation. Resveratrol
increased NRF-1 transcription in an ER-dependent manner in HUVECs, and ablated DEPE
inhibition of basal NRF-1 expression. Given that NRF-1 is a key nuclear transcription factor
regulating genes involved in mitochondrial activity and biogenesis, these data suggest that DEPEs
may adversely affect mitochondrial function leading to endothelial dysfunction and resveratrol
may block these effects.

Keywords
endothelial cells; diesel exhaust; diesel exhaust particles; NRF-1; mitochondrial activity;
resveratrol

Introduction
Endothelial dysfunction precedes cardiovascular disease and is accompanied by
mitochondrial dysfunction (Rocha et al. 2010). Air pollution has impacts on endothelial
function and vascular tone, blood pressure, thrombosis, and blood pressure (Simkhovich et
al. 2008). The induction of reactive oxygen species (ROS, e.g., H2O2) in the vasculature of
animals exposed to particulate matter (PM (Brook et al. 2004)) in ambient air is thought to
be due to the liberation of polyaromatic hydrocarbons (PAHs) and other organic components
of the diesel exhaust particles (DEPs) (Simkhovich et al. 2008). Evidence linking inhaled
DEPs to adverse health effects including cardiovascular disease has been reviewed
(Monforton 2006). Although the mechanism by which DEPs gain access to the circulation is
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unclear, a small percentage of inhaled PMs have been found in circulation (Chao et al.
2011).

The cardiovascular system has been recognized as an important target of estrogen action
through both genomic and non-genomic (membrane-initiated) pathways involving both
estrogen receptors α and β: ERα and ERβ (reviewed in (Arnal et al. 2010; Chambliss et al.
2002)). We previously characterized rapid non-genomic responses of primary bovine aortic
endothelial cells (BAEC) and human umbilical vein endothelial cells (HUVECs) to estradiol
(E2), resveratrol, and organic diesel exhaust particulate extracts (DEPEs) collected from a
diesel truck run at various speeds and engine loads (Klinge et al. 2005; Klinge et al. 2008;
Sumanasekera et al. 2007a; Sumanasekera et al. 2007b). Our studies demonstrated that
DEPEs from a truck run under increasing loads (L) stimulated phosphorylation of MAPK,
AKT, and eNOS whereas DEPEs from the truck run at increasing speeds (S) did not affect
MAPK alone, but inhibited E2-induced MAPK and endothelial nitric oxide synthase (eNOS)
phosphorylation (Sumanasekera et al. 2007a). Higher polyaromatic hydrocarbon (PAH)
concentrations in the DEPE L compared to the DEPE S samples correlated with the
differences in cellular activities. DEPEs rapidly increased NO with the DEPE L sample
acting additively with E2 and then inhibiting E2-induced NO with longer time of treatment.
Our results and those from a study comparing the genomic activity of organic extracts from
the particulate and gas phase of ambient air collected in downtown Toronto, Canada (Klein
et al. 2006) indicate that the impact of air pollution, chemical composition, and biological
activity is complex.

In experimental animals and humans, estrogens increase vasodilator tone (Miller and
Duckles 2008). Studies of the effect of E2 in rat cerebral blood vessels revealed that E2
increased eNOS activity, by both genomic and nongenomic mechanisms, and mitochondrial
energy production in vivo and in vitro (Duckles and Krause 2010; Miller and Duckles 2008;
Razmara et al. 2008; Stirone et al. 2005). Chronic treatment of ovariectomized rats with E2
resulted in increased protein expression of nuclear respiratory factor-1 (NRF-1) in the
cerebral blood vessels (Stirone et al. 2005). NRF-1 is a key nuclear transcription factor that
regulates the expression of nuclear-encoded mitochondrial genes including other
transcription factors, e.g., Tfam (Transcription factor A, mitochondrial) responsible for
regulating transcription of mitochondrial encoded genes, e.g., cytochrome c oxidase subunit
I (COI, MTCO1) and NADH dehydrogenase subunit I (NDI) (Kelly and Scarpulla 2004;
Scarpulla 2006; Scarpulla 2008). For this reason, NRF-1 has been proposed to be an
important integrator of nucleo-mitochondrial interactions (Scarpulla 2002). We identified
NRF-1 as a primary estrogen response gene in MCF-7 breast adenocarcinoma and H1793
lung adenocarcinoma cells (Mattingly et al. 2008). The mechanism by which E2 increased
NRF-1 transcription was by activation of E2-ERα interaction with an estrogen response
element (ERE) in the 5' promoter of the NRF1 gene. The ability of NRF-1 to regulate
mitochondrial activity is expected to be important in maintaining endothelial function in the
vasculature, although no one has specifically addressed this question. Homozygous
disruption of NRF-1 in mice results in embryonic lethality between days 3.5–6.5 and the
blastocysts show reduced mitochondrial DNA (Huo and Scarpulla 2001).

Mitochondria play a critical role in vascular pathology with endothelial cells considered the
“frontline against vascular disease” (Davidson and Duchen 2007). The goal of this study
was to determine the impact of DEPEs, E2, the TAM metabolite 4-hydroxytamoxifen (4-
OHT), RAL, and resveratrol on the expression of NRF-1 in HUVECs.
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Materials and Methods
Chemicals

E2, 4-hydroxytamoxifen (4-OHT), raloxifene (RAL), pertussis toxin (PTX), PD98059, and
Wortmannin were purchased from Sigma-Aldrich (St. Louis, MO, USA). The ERα and ERβ
selective agonists, propyl pyrazole triol (PPT) (Stauffer et al. 2000) and diarylpropionitrile
(DPN) (Meyers et al. 2001), respectively, and the pan ER antagonist ICI 182,780 were
purchased from Tocris (Ellisville, MO, USA). All were dissolved in 100% ethanol (EtOH)
that was solely in glass storage containers.

Diesel exhaust particulate extracts (DEPEs)
The detailed chemical composition of the DEPEs used in this study was previously reported
(Sumanasekera et al. 2007a). In brief, 2-ton diesel-engine truck (made in Japan, 4,610 cc,
direct injection type, 1999 model) was run on a chassis dynamometer under the loads of 0,
50, or 75 % of maximum (L0, L50, and L75; torque 0, 3, or 4.5 kN, respectively) and at
vehicle speeds of 20, 50, or 80 km/h (S20, S50, and S80 with no added load) (Kizu et al.
2003b; Okamura et al. 2002; Okamura et al. 2004b). Diesel exhaust particles (DEP) were
collected on polytetrafluoroethylene-coated borosilicate Emfab filters (product no. 7224 =
TX40HI20WW), Pallflex Products (Putnam, CT, USA) as described previously
(Sumanasekera et al. 2007a). The filters retain 99.9% of particles sizes ≥ 0.3 μm. The
extraction of the organic constitutents and the chemical composition of the DEPEs was
reported in (Sumanasekera et al. 2007a). A filter blank (FB) sample was prepared similarly
from unused filters. DEPEs were provided by Dr. Ryoichi Kizu, Faculty of Pharmaceutical
Sciences, Doshisha Women's College of Liberal Arts, Japan. All DEPEs were dissolved in
EtOH.

Cell treatments
Human umbilical vein endothelial cells (HUVECs) were purchased from Cambrex
BioScience (Walkersville, MD, USA). HUVEC were used between P3–8 and were
maintained in EGM-2 supplemented with hydrocortisone, human fibroblast growth factor,
vascular epidermal growth factor, insulin growth factor-1, ascorbic acid, human epidermal
growth factor, gentamicin sulfate, amphotercin-B, heparin, and 2% FBS provided in a
supplemental kit with the media from Cambrex (hereafter referred to as EGM-2 media).
Prior to treatment, HUVECs were placed in EGM-2 media containing 2% dextran-coated
charcoal stripped-FBS (CSS-FBS). Cells were serum-starved for 24 h prior to each
experiment and treated with vehicle control (ethanol, EtOH), or other treatments in phenol-
red free medium without serum for the time and concentration indicated in the Figs.

RNA Isolation, RT-PCR and Quantitative Real-Time-PCR (QRT-PCR)
RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA). The High Capacity
cDNA archive kit (PE Applied Biosystems) was used to reverse transcribe total RNA using
random hexamers. Taqman primers and probes for NRF-1 and 18S rRNA were purchased as
Assays-on-Demand™ Gene Expression Products (PE Applied Biosystems) and QRT-PCR
was performed in the ABI PRISM 7900 SDS 2.1 (PE Applied Biosystems). The expression
of each target gene was determined in triplicate in 3–4 separate experiments and normalized
using 18S. Analysis and fold differences were determined using the comparative CT
method. Fold change was calculated from the ΔΔCT values with the formula 2−ΔΔCT and
data are presented as relative to expression in EtOH-treated cells.
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MTT assay
Cell viability was determined using the Cell Titer 96 AQueous One solution cell
proliferation assay (Promega, Madison, WI) according to the manufacturer's protocol.
Briefly, 2,000 cells were plated per well in 96-well plates. Twenty-four hours after plating
the cells were treated with ethanol, E2, or DEPEs of various concentrations (see Fig. legends
for details) for 5 days. Each treatment was performed in quadruplicate within each
experiment. The absorbance of solubilized formazan product was measured at 490 nm. All
values were compared with those in the wells treated with vehicle (EtOH) control, which
was set to 1.0.

Bromodeoxyudridine (BrdU) Cell Proliferation
The BrdU ELISA kit (Roche, Indianapolis, IN, USA) was used for quantification of cell
proliferation. HUVEC were seeded at a density of 6000 cells/ well in a 96-well plate. The
cells were treated for 48 h with the indicated treatments. Absorbance was measured at 370
nm. Each treatment was performed in quadruplicate and the values were averaged. All
values were compared with those in the wells treated with vehicle (EtOH) control, which
was set to 1.0.

Complex IV Activity Assay
The MitoProfile Microplate Assay Kit for Human Complex IV Activity was purchased from
MitoSciences (Eugene, OR, USA). In this assay, Complex IV was immunocaptured and its
activity determined colorimetrically via the oxidation of reduced cytochrome c. This is
measured as a decrease in absorbance at 550 nm. HUVEC were seeded at 60% confluency
in 6-well plates. The cells were grown in EGM-2 media supplemented with 2% CCS-FBS
for 24 h. The cells were treated in EGM-2 media with 2% CCS-FBS for 6 d. The treatment
was reapplied every 2 d. Protein concentrations were determined using the Bio-Rad DC
Protein Assay (Hercules, CA, USA). Absorbance was measured every 5 min for 75 min. The
slope of the reaction leveled off after 75 min. A linear range between 20 min and 60 min
was examined for all treatments. The rate of Complex IV activity was determined by
calculating the slope of the line between these two points resulting in OD/min change. One
experiment was completed and assayed in quadruplicate. The EtOH from this experiment
was set to 1.

Statistical analysis
Statistical analyses were performed using Student's t-test or one-way ANOVA followed by
Student-Newman-Keuls post-hoc test using MS Excel and or GraphPad Prism.

Results
4-hydroxytamoxifen (4-OHT) and raloxifene (RAL) increase NRF-1 expression in HUVEC in
an ER-dependent manner

We previously reported that E2 and 4-OHT increased NRF-1 gene expression in MCF-7
breast cancer cells by activating ERα (Mattingly et al. 2008) and ERβ (Ivanova et al. 2011),
respectively. Here we examined if E2 or the selective estrogen receptor modulators (SERMs)
4-OHT and RAL regulate NRF-1 transcription in HUVECs. E2, 4-OHT, and RAL increase
NRF-1 transcription in HUVECs (Fig. 1A). HUVECs express both ERα and ERβ (Klinge et
al. 2005). To further evaluate if ER is mediating the E2-, 4-OHT-, and RAL- induced
increase in NRF-1 mRNA, HUVECs were pretreated with ICI 182,780, a pan ER antagonist
(Wijayaratne et al. 1999), for 6 h prior to addition of E2, 4-OHT, and RAL. This pre-
incubation time was selected because previous studies reported a ~80% decrease in ERα
protein levels as early as 4 h post-treatment with ICI 182,780 (Wijayaratne and McDonnell
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2001). ICI 182,780 inhibited the E2-, 4-OHT-, and RAL- induced increases in NRF-1
mRNA (Fig. 1A), indicating that ER mediates the induction responses. The ER subtype
selective agonists DPN (ERβ) and PPT (ERα) increased NRF-1 transcription, but not as
much as E2, 4-OHT, or RAL (Fig. 1A). These data suggest that both ERα and ERβ
contribute to induction of NRF-1 transcription in HUVEC. This suggestion agrees with our
results showing that transfection of ER-null HEK-283 cells with either ERα or ERβ
activated luciferase reporter activity from the NRF-1 gene promoter containing the intact
ERE site, but not when the ERE is mutated (Fig. 2). These data also show that ICI inhibited
the E2-induced transcriptional activity of the transfected ERα and ERβ on the NRF-1-
luciferase reporter.

Signaling pathways including the MAPK (ER) and PI3K/AKT pathways are activated by
nongenomic (membrane-initiated) E2 activity in HUVEC (Montiel et al. 2006;
Sumanasekera et al. 2006). To determine if E2, 4-OHT, and RAL are increasing NRF-1
through these nongenomic pathways, HUVEC were pre-treated with the MEK kinase
inhibitor PD98059 or the PI3K inhibitor Wortmannin, and then treated with E2, 4-OHT, and
RAL. Neither PD98059 nor Wortmannin inhibited the E2-, 4-OHT- or RAL- induced
increase in NRF-1 mRNA (Fig. 1B). We previously demonstrated that these inhibitors block
E2-dependent increases in MAPK and AKT phosphorylation in HUVECs (Klinge et al.
2005; Klinge et al. 2008; Sumanasekera et al. 2007a). From these results, we conclude that
E2, 4-OHT, and RAL are acting through classical genomic ER to increase NRF-1
transcription.

DEPEs inhibit basal NRF-1 mRNA expression
We have shown that DEPEs acted as antagonists of genomic E2 activity on an ERE-
luciferase reporter in transiently transfected MCF-7 breast cancer cells (Okamura K 2002).
Since NRF-1 is important to cardiovascular health through maintenance of mitochondrial
function (Kelly and Scarpulla 2004), we examined if DEPEs interfered with the transcription
of endogenous NRF-1. HUVEC cells were treated with 10 μg/mL of each DEPE and
assayed for NRF-1 mRNA expression. All the DEPEs reduced basal NRF-1 expression by
10–20% (Fig. 3A). The reason for a lack of dose-response inhibition is unknown, but may
result from the mixture of chemicals in each DEPE sample (Sumanasekera et al. 2007a).

DEPEs inhibit E2, 4-OHT, and RAL-induced NRF-1 mRNA expression
Two DEPE extracts, L75 and S80, were then used to treat HUVEC cells in combination with
E2, 4-OHT and RAL to determine if the DEPEs could inhibit the induction in NRF-1 mRNA
previously seen with each ER ligand (see Fig. 1A and 1B). L75 and S80 inhibited the E2, 4-
OHT, and RAL mediated increase in NRF-1 mRNA (Fig. 3B). The precise mechanism for
this inhibition is unknown. We did not detect any change in 18S mRNA expression,
indicating a lack of general cell toxicity in response to DEPEs. The lack of apparent toxicity
is in agreement with our previous studies showing no effect of DEPEs on MCF-7 viability
(Okamura et al. 2002) and < 2% cytotoxicity as assessed by LDH release from HUVECs
(Sumanasekera et al. 2007a).

Next we tested the concentration-dependence of DEPEs L50, L75, S50, and S80 in
combination with E2 to determine if only the higher concentrations of DEPEs (used in Fig.
3B) have antagonist properties. Fig. 4A shows that the DEPE L50 and L75 samples alone
inhibited basal NRF-1 transcription regardless of concentration. There was no concentration-
dependence in the observed inhibition of E2-induced NRF-1 transcription (Fig. 4A).
However, L50 only partially inhibited the E2-induced increase in NRF-1, whereas L75
completely inhibited the E2-induced response at all three concentrations tested. The greatest
chemical difference detected in the L versus S DEPE samples was the higher concentration
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of pyrene, benz[a]anthracene, chrysene, and benzo[b]fluoranthene in the L DEPEs
(Sumanasekera et al. 2007a). The DEPE S50 sample inhibited basal expression of NRF-1 at
all concentrations tested. Interestingly, S50 inhibited E2-induced increase in NRF-1 in a
concentration-dependant manner, i.e., only the at the 1 μg/ml concentrations (Fig. 4B). S80
inhibited basal NRF-1 expression at the 10 μg/ml concentration. S80 inhibited the E2-
induced increase in NRF-1 expression.

Resveratrol induces an increase in NRF-1 through genomic ER
Resveratrol binds ERα and ERβ with low (59–130 μM) affinity (Bowers et al. 2000), but
stimulates membrane-ER-initiated signaling in HUVECs at physiologically relevant
concentrations of 50 nM (Klinge et al. 2008). Resveratrol increased NRF-1 mRNA
expression in a concentration-dependant manner (Fig. 5A.) To determine if non-genomic
signaling or genomic signaling was responsible for mediating this response, Wortmannin,
PD 98059, pertussis toxin, and ICI 182,780 were used in combination with resveratrol. Only
ICI 182,780 inhibited the resveratrol-induced NRF-1 transcription. These data indicate that
genomic ER is responsible for resveratrol-induced NRF-1 expression in HUVECs (Fig. 5B).

Resveratrol ablates the suppression of basal NRF-1 transcription by DEPEs
We tested the ability of resveratrol to ablate the inhibitory effect of DEPEs on basal NRF-1
transcription. DEPEs L75 and S80 inhibited basal NRF-1 and resveratrol ablated this
inhibitory effect. Further, DEPEs L75 and S80 inhibited resveratrol-induced NRF-1
transcription. S50 had lower antagonist activity in combination with resveratrol compared to
the other DEPEs tested. S50 also had lower E2-antagonist activity (Fig. 4B).

NRF-1 regulated Tfam expression and Tfam-regulated expression of mitochondrial genes
is regulated by E2, 4-OHT, and RAL in HUVEC

One nuclear encoded gene regulated by NRF-1 is the mitochondrial transcription factor
Tfam which, in turn, regulates the transcription of the genes encoded in mtDNA (Scarpulla
2006). QRT-PCR was performed to determine the effect of E2, 4-OHT, or RAL in the
presence or absence of ICI 182,780 on expression of Tfam in HUVECs. For these
experiments, HUVECs were treated for 48 h of treatment because Tfam, as well as its
mtDNA-encoded target genes cytochrome c oxidase subunit I (COI, MTCO1); and NADH
dehydrogenase subunit I (NDI), were significantly increased in an E2-dependent manner in
MCF-7 cells after 48 h of treatment (Mattingly et al. 2008). E2, 4-OHT, and RAL increased
Tfam mRNA (Fig. 6). The observed E2- and RAL-mediated increase in the expression of
each gene was inhibited by pretreatment with ICI 182,780. However, treatment with both 4-
OHT and ICI 182,780 resulted in a decrease that was not significant compared to the
control, but was also not significant when compared to the 4-OHT treatment alone. This
result indicates that ER regulates the increase in Tfam and its mitochondrial targets COI and
NDI in response to E2 and RAL. The lack of significant differences between 4-OHT and 4-
OHT + ICI mRNA may be the result of the mixed agonist/antagonist activity of 4-OHT.

E2, 4-OHT, and RAL increase Complex IV activity in HUVECs
To determine if the observed increase in NRF-1 and Tfam expression in response to E2, 4-
OHT, and RAL leads to increased mitochondrial activity, Complex IV activity was
examined. E2, 4-OHT, and RAL increased Complex IV activity (Fig. 7). The E2-induced
Complex IV activity was reduced by cotreatment with ICI 182,780, indicating in that the
response is ER-mediated. These data agree with all previous data indicating that ER is
required to induce NRF-1 and downstream gene expression in response to E2, 4-OHT, and
RAL.
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DEPEs do not affect HUVEC proliferation
BrdU assays were performed to determine the effect of DEPEs, E2, 4-OHT, and RAL on
HUVEC proliferation. E2 increased BrdU incorporation (Fig. 8). In contrast, BrdU
incorporation was unaffected by 4-OHT or RAL or by DEPEs L50, L75, S50, and S80.
These data indicate that DEPEs do not inhibit DNA replication in HUVECs up to 48 h post-
exposure.

DEPEs reduce HUVEC viability
MTT assays were performed to determine the effects of DEPEs on HUVEC viability (Fig.
9). In contrast to the lack of proliferative effect of DEPEs revealed by BrdU incorporation
(Fig. 8), DEPEs reduced cell viability, likely a reflection of reduced mitochondrial activity.

Discussion
A recent study estimated that the economic value of the public health impact of traffic
emissions, including 23,000 tons of PM < 2.5 μm, was $24 billion in 2007 (Levy et al.
2010). Thanks to significant reductions in vehicle emissions, the mortality risk associated
with vehicle emissions is projected to decline from 2000 to 2020 (Levy et al. 2010).
Elevated levels of ambient PM < 2.5 μm have been associated with an increase in
emergency hospital visits for hypertension (Guo et al. 2010). The mechanisms by which
ambient air pollution contributes to cardiovascular morbidity are poorly understood. The
liberation of PAHs and other organic components of DEPs is thought to generate ROS and
alter vascular and cardiac function in tested animal models of DEP exposure (Kodavanti et
al. 2010; Simkhovich et al. 2008). Because in vivo DEP exposure in mice causes nuclear
DNA damage and reduces mitochondrial potential in alveolar macrophages (Zhao et al.
2009), it is of interest to determine if DEPEs affect the expression of NRF-1, a nuclear
transcription factor regulating mitochondrial activities (Scarpulla 2008). Here we
demonstrated that DEPEs inhibit the basal transcription of NRF-1. Although the levels of
DEPEs used in these experiments are likely higher than actual inhaled levels of DEPs, the in
vivo concentrations of inhaled DEP reaching endothelial surfaces cannot be measured and an
estimate would require detailed knowledge of inhalation capacity, rates and sites of DEP
deposition, PM size distribution, measurements of clearance, and transmigration of the
particles through the alveolar membranes to the capillary endothelial cells (Chao et al.
2011). The concentrations of DEPEs examined here is comparable (Chao et al. 2011) or less
than ((Li et al. 2010b) used 25–50 μg/ml DEPE) those used in other in vitro studies
demonstrating the impact of DEPEs on endothelial function.

DEPEs have antiestrogenic as well as antiandrogenic effects in cell culture models (Kizu et
al. 2003a; Kizu et al. 2004; Okamura et al. 2004a; Okamura et al. 2002; Okamura et al.
2004b). Results from the present study allow us to speculate that one component of the
observed increase in cardiovasculature disease and acute vascular effects seen in people
exposed to diesel exhaust and PM may be a decrease in NRF-1 expression and a loss of the
beneficial effects of E2 when the organic contents of these particles are liberated in
circulation. The subtle decrease in mitochondrial activity that could result from this
scenario, reflected in the reduced MTT assay activity seen here, may contribute to the
observed increase in cardiovascular risk in urban areas (Anenberg et al. 2010). Examination
of mitochondrial activities is a logical `next step' for this research.

Estrogens and SERMs have been proposed to have cardioprotective effects, however the
mechanisms by which these effects are conveyed remain to be elucidated. In this study we
demonstrated that E2, 4-OHT, and RAL act through classical genomic ERα and ERβ to
increase NRF-1 transcription. ERα -selective agonist PPT and ERβ -selective agonist DPN
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also increased NRF-1 expression commensurate with their lower affinity for each ER
subtype compared to E2 (Meyers et al. 2001; Sun et al. 2002). We propose that one of the
vascular protective mechanisms of estrogens and SERMs may be an increase in NRF-1
leading to a subsequent increase in mitochondrial activity. The inhibition of E2, 4-OHT, and
RAL induced NRF-1 by DEPEs indicates a potential dominant adverse effect of DEPEs. We
reported that components of DEPEs activate the aryl hydrocarbon receptor (AHR) (Kizu et
al. 2003a; Okamura et al. 2004b; Rouse et al. 2008). To our knowledge, there are no reports
in the literature regarding the regulation of NRF-1 by AHR. NRF-1 transcription is not
increased in MCF-7 cells in response to the AHR agonist β-napthoflavone (unpublished
data, Klinge), but further studies in HUVECs are required to fully elucidate the mechanism
by which DEPEs inhibit NRF-1 transcription.

We reported that resveratrol at a concentration of 50 nM rapidly activated MAPK, AKT, and
eNOS and increased NO production in HUVECs (Klinge et al. 2008). Here we showed that
resveratrol induced NRF-1 transcription in an ER-dependent manner and that 10 nM
resveratrol significantly ablated the inhibition of NRF-1 expression by DEPEs. Resveratrol
completely ablated the inhibitory activity of one of the DEPEs, i.e., S50. The precise reason
for the lack of inhibitory activity of S50 with resveratrol is unknown but may relate to two
previously described differences in chemical composition and bioactivity between the
DEPEs prepared from the diesel truck run at different speeds (S) and engine loads (L)
(Sumanasekera et al. 2007a). The L DEPEs did not inhibit E2-induced MAPK activity in
HUVECs. While PD98059 did not ablate resveratrol-induced NRF-1 transcription, MAPK
may affect proteins involved in NRF-1 transcription. Further, the S DEPEs contained lower
concentration of pyrene, benz[a]anthracene, chrysene, and benzo[b]fluoranthene compared
to the L DEPEs (Sumanasekera et al. 2007a). While it may be of interest to test individual
components of the DEPEs on NRF-1 expression in HUVECs, people are environmentally
exposed to complex mixtures of chemical compounds in air pollution and DEPs that include
naphthalene, anthracene, pyrene, and benz(a)anthracene (Iwanari et al. 2002; Kawasaki et al.
2001; Landvik et al. 2007; Perera 1981; Yamazaki et al. 2000). Overall, one important result
of the present study is that resveratrol ablated the ability of DEPEs to suppress basal NRF-1
transcription in HUVECs; thus, illustrating the potential of resveratrol, or other
phytoalexins, to block the deleterious effects of DEP exposure in vascular endothelial cells.

Here we showed that DEPEs do not affect HUVEC proliferation as reflected in BrdU
incorporation assays, but inhibited cell viability as seen in MTT assays. Because the MTT
assay measures NADH-dependent dehydrogenase activity, the data in Fig. 9 indicate that
DEPEs inhibit this activity. Further studies will be required to elucidate specific details of
the mechanism involved. For example, one component of the DEPEs used in this study, i.e.,
1-nitropyrene, was recently reported to rapidly (15 min) increase ROS production in
HUVECs and increase protein, but not mRNA expression of the endoplasmic reticulum
stress chaperone GRP78 (Andersson et al. 2009). Over the last decade, endoplasmic
reticulum stress and the unfolded protein response (UPR) has emerged as a key mechanism
in the pathogenesis of a number of factors that promote atherosclerosis in the vasculature
(Tabas 2010). Another recent study demonstrated that individual PAHs had different effects
on HUVEC cell viability (Li et al. 2010a). That study showed that chrysene inhibited
HUVEC viability, but only at concentrations > 50 mM whereas pyrene, naphthalene,
fluoranthene, anthracene, and benzo(a)pyrene had no effect on cell viability when assessed
at 24 h at up to 0.5 mM concentrations (Li et al. 2010a). The DEPEs used in the present
study include anthracene, pyrene, chrysene, and benzo(a)pyrene (Sumanasekera et al.
2007a). Clearly, further experiments will be required to elucidate the exact mechanisms by
which exposure to complex chemical mixtures in air pollution including DEPs adversely
affect human health including increasing the risk of cardiovascular disease.
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Fig. 1. NRF-1 transcription is regulated by ER in HUVEC
(A) HUVEC cells were treated with EtOH, 10 nM E2, 100 nM 4-OHT, 100 nM RAL, 10 nM
DPN, or 10 nM PPT for 4 h; where indicated, cells were pretreated with 100 nM ICI
182,780 (ICI). (B) HUVEC cells were pre-treated with Wortmannin or PD98059 for 1 h +/−
100 nM 4-OHT and 100 nM RAL. *, p < 0.05 versus EtOH control; ** p < 0.05 versus same
treatment without ICI.
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Fig. 2. E2-ERα or E2-ERβ stimulates luciferase reporter activity from the NRF-1 promoter in
transfected HEK-293 cells
(A) The human NRF-1 promoter contains a nonconsensus ERE (half-sites) capitalized and
underlined, nonconsensus nucleotides are in bold, and the 3 bp spacer in lower case italics
(Mattingly et al. 2008). The mutation in the ERE to destroy its estrogenic activity is
indicated by capitalized italics. HEK-293 cells were transfected with expression vectors for
ERα (B) or ERβ (C), the indicated pGL2-NRF-1 promoter construct and Renilla luciferase.
Transfected cells were treated with EtOH, 10 nM E2, 100 nM ICI 182,780, or the indicated
combinations for 24 h. Dual luciferase reporter assays were performed. Values are relative
luciferase activity compared to EtOH and are the mean ± SEM of 4 separate experiments. *,
p < 0.05 versus EtOH control; ** p < 0.05 versus E2.
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Fig. 3. DEPEs reduces basal level expression of NRF-1 in HUVECs
(A) HUVECs were treated with 10 μg/mL of each DEPE indicated. (B) Cells were treated
with 10 nM E2, 100 nM 4-OHT, 100 nM RAL, or 10 mg/mL of L75 or S80 in the indicated
combinations. All treatments for were 4 h. *, p < 0.05 versus EtOH control; ** p < 0.05
versus same treatment without DEPE.
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Fig. 4. DEPEs inhibit E2-induced NRF-1 transcription
(A) HUVECs were treated for 6 h with 0.1, 1.0, or 10 μg/mL (indicated by size of triangle)
of L50 or L75 DEPE in the presence or absence of 10 nM E2. (B) HUVECs were treated
with 0.1, 1.0, or 10 μg/mL of S50 or S80 DEPE in the presence or absence of 10 nM E2. The
total mRNA was isolated following treatment and QRT-PCR was performed as described in
Material and Methods. Values are the average of 3 separate experiments ± SEM. * p < 0.05
versus EtOH; ** p < 0.05 versus E2.
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Fig. 5. Resveratrol increases NRF-1 expression through genomic ER activity in HUVECs and
ablates inhibition of basal NRF-1 expression by DEPEsL75 and S80
(A) HUVECs were treated with EtOH or increasing concentrations of resveratrol. (B) Where
indicated, HUVECs were pretreated with 100 nM ICI 182,780 for 6 h; 50 nM Wortmannin
(Wort), 50 mM PD98059 (PD), or 50 nM pertussis toxin (PTX); or 10 μg/ml DEPE L59,
L75, S50, or S80 for 1 h followed by the addition of 10 nM resveratrol for 4 h. Total mRNA
was isolated following treatment and QRT-PCR was performed as described in Material and
Methods. Values are the average of 3 separate experiments ± SEM. * p < 0.05 versus EtOH;
** p < 0.05 versus resveratrol.
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Fig. 6. Tfam and mtDNA-encoded target gene mRNA expression is increased in response to
treatment with E2, 4-OHT, and RAL
HUVECs were treated with 10 nM E2, 100 nM 4-OHT, or 100 nM RAL. Where indicated,
cells were also pretreated for 6 h with 100 nM ICI 182,780 followed by addition of 10 nM
E2, 100 nM 4-OHT, or 100 nM RAL for 48 h. Total mRNA was isolated following
treatment and QRT-PCR was performed as described in Material and Methods. Values are
the average of 3 separate experiments ± SEM. TFAM is nuclear-encoded and regulated by
NRF-1. Tfam regulates mtDNA-encoded target genes cytochrome c oxidase subunit I (COI,
MTCO1); and NADH dehydrogenase subunit I (NDI). *, p < 0.05 versus EtOH control; ** p
< 0.05 versus the same treatment without ICI.
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Fig. 7. E2, 4-OHT, and RAL stimulate Complex IV activity in HUVECs
HUVECs were treated with 10 nM E2, 100 nM 4-OHT, 100 nM RAL, 100 nM ICI 182,780
or 10 nM E2 and 100 nM ICI 182,780 for 6 d. Complex IV activity was measured as
described in Materials and Methods. The EtOH control was set to 1. The EtOH value was
originally 1.13 ×10−4 OD/min. Values are the mean of quadruplicate determinations ± SEM.
*, p < 0.05 versus EtOH control; ** p < 0.05 versus same treatment without ICI.
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Fig. 8. DEPE do not affect HUVEC proliferation
HUVECs were treated with EtOH, 10 nM E2, 100 nM 4-OHT, 100 nM RAL, or DEPEs:10
μg/ml L50, L75, S50, or S80 for 48 h prior to performing a BrdU assay. Values are the
average of 3 separate experiments ± SEM. * p < 0.05 versus EtOH
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Fig. 9. DEPE reduce HUVEC viability
HUVECs were treated with EtOH, 10 nM E2, or the indicated concentrations of filter blank
(FB) or DEPEs for 48 h prior to performing an MTT assay. Values are the average of 3
separate experiments ± SEM. * p < 0.05 versus EtOH
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